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ABSTRACT 


Tilt  primaii  objective  was  to  licti  mine  the  dy muni.:  behavior  deep  remforci-J -concrete 
slabs  in  l::,.-  »vl rpressure  region  of  200  to  COO  psi.  and  therein  to  provide  a  bans  'or  es¬ 
tablishing  design  criteria  lor  massive  rein  forced -concrete  strue'.ures  under  blast  loads. 

both  »ne-vvav  am.1  two-way  slabs  placed  flush  with  the  ground  surface  were  tested.  The 
ratios  of  effective  sjeir.  to  depth  varied  from  1.43  to  ?.o.  ft  was  expected  teat,  for  slabs 
•i!  these  proportions,  shearing  strength  would  prove  to  be  the  controlling  design  parame¬ 
ter.  Consequently,  the  test  specimens  were  designed  to  study  particulars  shear  strength 
of  siabs  both  with  and  without  shear  reinforcement,  though  flexural  strength  was  also 
considered.  The  siabs  were  tested  during  Shot  Koa.  ami  the  wcajHin  yield  was  given  .is 
afcx5uT"f  Ml. 

Instrupierlation  ircluded  self-recording  overpressure -versus- lime  gages  at  each  site 
md  setf- recording  acceleration -versus- time  gages  on  the  slab-supporting  strictures. 
Measurements  before  and  after  lest  were  made  to  determine  the  magnitude  ar  i  character 
■f  the  fiermanent  deform::f'"  .  ->  1.  if  possible,  the  modes  of  failure. 

As  a  result  of  foundation  failures,  no  usable  data  was  obtained  on  the  response  of  .toe- 
Jeep  two-way  siabs.  Thus,  no  effort  was  made  to  evaluate  current  resistance  criteria 
for  these  members.  However. ^sufficient  usable  data  was  obtained  on  the  one-way  slabs 
ro  lustily  detailed  analyses  of  those  members.  .. 

Recent  research  or  the  static  behavior  of  deep  beams  is  summarized.  Data  available 
from  these  static  tests  indicates  Act  the  shear -strength  criteria  originaliv  applied  to  the 
Project  3.C>  siabs  arc  very  conservative,  in  addition,  the  data  indicates  possible  modes 
of  failure  of  deep  one-way  siabs  that  were  not  considered  m  tne  oretest  analyses.  Using 

dcflei ::  >n  data  from  laaorati  >".  static  tests,  new  empirical  t-xp:  ession?  ... .  - wi 

vieid  and  ultimate  deflections  oi  deep  one-way  slabs  ami  fj.  the  fundamental  period  of 
vibration  of  such  members. 

Consideration  was  given  to  the  effects  of  axial  ;->ads.  base  disturbance,  and  rebound  on 
the  ’••xurai  behavior  ->f  the  ueep  onc-wa\  s>abs.  It  is  shown  that  axial  forces  are  very 
imp-  amt  and  may  account  for  increase  s  ,n  the  yie.d  resistances  of  the  deeper  slabs  by 
as  much  as  300  percent.  For  estimates  of  Or,  --distur-.  -nee  effects,  data  from  nearby 
stations  was  used,  because  the  records  of  the  act  •■.■ler'1*-  _iers  on  the  siabs  themselves 
were  destroyed  In  the  action  of  — <  water  in-lore  recovery.  Relmuml  comraimtions  corre- 
iated  well  with  o!--.-rved  crack  patterns. 

duplication  ><!  availac'c  criteria  for  the  resistances  or  sirc.igths  of  the  siabs  in  brittle 
modes  <>f  faiiu.  _•  inc'uding  shear-compression,  shear-aneliorae*-  Ixind.  bearing,  and  pure 
(end,  shear  imii.aU  hat  much  remains  to  be  learned  about  the  failure  of  deep  one-way 
siabs  in  these  inodes.  Of  those  mentioned,  only  the  shear-compression  and  bcaring- 
stren 'tli  criteria  do  not  appear  to  l>e  excessively  conservative. 

Further  research  on  the  static  and  dynamic  behavior  of  Jeep  one-way  slabs  is  recom¬ 
mended.  !•'  idtii'ion.  research  i  n  staiie  behavior  of  deep  *.w-i-w;.v  slabs  is  requi'-cd  to 
establish  tne  probable  modes  of  failure  ami  criteria  for  resistance  :ii  those  modes.  P..* 
\i*.-il  interim  design  criteria  are  ri-e-unui,  mlcd  f.,r  s.mplv  ru-.l  Jnp  one-wav 

ion  subjected  i.>  uniformly  distributed  dv  mimic  load. 
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KOH  K  WORD 


This  rejiort  presents  the  final  results  of  om  of  the  projects  participating  in  tin-  i.*.  *.t.»rv- 
effect  urograms  of  Operation  Hardtack-  Overall  information  a!>«ui  thi.s  and  the  othe- 
Rinitary-cffect  programs  can  be  obtained  fiom  ITK-  ISOn,  the  "Sunni.art  Report  of  th»- 
Commander,  Task  Unit  3. "  This  technical  summary  includes:  <Ii  tallies  listing  each 
detonation  with  its  yield,  type,  environment,  meteorological  conditions,  etc.,  Lr i  maps 
showing  shot  locations,  i3)  discussions  ot  results  by  programs,  it:  seminaries  of  jbjec- 
|  tives,  procedures,  results,  etc.,  for  ail  projects,  and  (a...  listing  of  project  ’"•"■or:.-,  for 

the  mihtarv-cffecl  programs. 


PREFACE 

The  work  reported  herein  was  planned  and  carried  out  by  personnel  of  the  Structural 
Research  Laboratory  of  the  University  of  Illinois  under  Contract  A  F  ?.Sf601)-5-H  between 
the  University  of  Illinois  and  the  Air  Force  Special  Weapons  Center  iAFSWCi.  Kirtland 
A:r  Force  Base,  New  Mexico. 

T no  project  was  under  the  general  direction  of  Dr.  N.  M.  N’ewtnark,  Head,  Depart¬ 
ment  of  Civii  Engineering,  and  under  the  immediate  supervision  of  Dr-  J.  D.  Haltiwanger, 
Professor  of  Civil  Engineering.  The  planning  and  fit-id  test  phases  of  this  program  wet  c 
carried  out  by  Dr.  Haltiwanger;  Mr.  S.  L.  Paul,  Instructor  >n  Civil  Engineering;  Mr.  H.  N 
Wright  HI,  Instructor  in  Civii  Engineering;  anti  Mr.  C,  P.  Mangelsdorf,  forme*-1; 
tor  in  Civil  Engineering-  The  posttest  analyses  of  the  data  accumulated  from  the  field 
test  and  other  supporting  and  allied  studies  significant  to  this  work  were  carried  out  by 
Mr.  Wrig^st  and  Mr-  J.  T.  Hanley,  Research  Associate  in  Civil  Engineering. 

The  ins?'-  mentation  program  was  installed  and  operated  by  personnel  ot  the  Sadistic 
Research  J-».  oratories,  Aberdeen  Proving  Ground.  Maryland,  under  the  supervision  of 
Mr.  J.  J.  Meszaros.  The  cooperation  of  this  organization  during  the  test  program  as 
well  as  during  the  dahi-reduction  phases  following  the  test  was  appreciated. 

The  Project  Officer  was  Captain  E.  i!  fluttmann.  Jr..  USAF.  of  AFSWC.  The  eooner 
atior.  of  Lt  R.  L.  Piaycr.  "*saF,  also  of  AFSWC,  throughout  the  period  of  the  project  .c 
gratefully  acknowledged.  Recognition  is  also  given  to  Professor  G.  K.  Sinnamcn  of  the 
University  of  Illinois  for  his  interest,  advice,  ant'  general  guidance  during  the  field  test. 
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Chapter  1 
'NTRODUCTION 


1.1  OBJECTIVES 

The  original  objective  of  this  project  was  to  determine  the  behavior  of  deep  reinforced- 
c-  (O^ete  slabs  in  the  overpressure  region  of  200  to  1,000  psi.  and  thereby  to  provide  a 
L.  sis  for  establishing  design  criteria  for  massive  reieiorced-concrete  structures  under 
blast  loading.  The  upper  limit  of  overpressure  was  subsequently  reduced  to  600  psi  to 
avoid  the  possibility  of  losing  the  slabs  in  the  crater  formed  by  the  surface  test  shot. 

The  term  “deep”  as  used  here  is  intended  to  include  slabs  having  span  to-deptn  ratios 
as  low  as  1.28.  It  was  expected  that,  for  slabs  of  these  proportions,  shear  would  prove 
to  be  t'te  most  significant  strermh  parameter. 

Simply  supported  slabs  reinforced  in  only  one  direction,  as  well  as  square  slabs  simply 
supported  on  all  four  edges  and  reinforced  flexurally  in  two  mutually  perpendicular  di¬ 
rections,  were  tested.  Approximately  half  of  the  slabs  were  reinforced  for  shear  by 
means  of  conventional  vertical  stirrups. 

1.2  BACKGROUND 

The  design  of  reinforced-concrete  beams  and  slabs  has  long  been  the  subject  of  exten¬ 
sive  experimental  and  theoretical  studies.  Literally  thousands  cl  laboratory 
been  made,  and  the  results  have  been  reported  in  the  technical  literature  over  the  fast 
several  decades.  A  complete  bibliography  of  such  tests  would  constitute  a  sizable  report 
in  Uself. 

Despite  the  existence  of  a  massive  amount  of  information  having  to  do  with  the  strength 
of  Cv .  ete  beams  and  slabs,  there  are  at  least  two  areas  of  vital  importance  to  the  de¬ 
sign  of  protective  structures  on  which  data  is  sorely  lacking.  The  first  of  these  areas 
has  to  do  with  the  behavior  of  reinforced-concrete  beams  and  slabs  under  dynamic  loads 
—  practically  all  previous  tests  have  been  restricted  to  static  loads. 

The  second  area  concerns  the  need  ior  experimental  studies  on  the  alteration  no»  mat 
beam  and  slab  proportions  to  resist  high  pressures.  Prior  to  the  need  for  structures  to 
resist  pressures  from  atomic  or  nuclear  blasts,  the  load  intensities  of  interest  were, 
relatively  speaking,  low,  and  led  to  beams  and  slabs  of  wha  might  be  called  norma!  pro¬ 
portions.  Under  the  high  pressures  (hundreds  of  psi)  that  protective  structures  must  re¬ 
sist,  the  beam  and  slab  proportions  must  necessarily  be  severely  altered.  For  such 
structures,  slabs  having  span-to-depth  ratios  as  low  as  2.0  to  2.5  are  not  at  all  unrealistic. 
For  slabs  of  s-  jh  proportions,  experimental  studies  are  very  few.  and,  for  dynamic  loads, 
virtually  nonexistent. 

Another  area  where  the  need  for  information  is  urgent  is  the  design  of  doors  and  covers 
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lorjmiraneeways  Into  underground  prntccliv*'  »u  ucluien.  Iln»  in  iMillcularly  :rue  lor 
Mirucjuri’M  t«»  K<  designed  ami  Imllt  iim  a  pan  <*f  our  retaliatory  irmUtl IuIIoom,  the  d*»orn 
for  which  may  have  to  he  powcr-opcraletl.  In  such  eases,  the  weight  ol  the  dour  I*  ini 
l*<»rlunl  ami  muat  Ik*  kept  to  a  practical  minimum  conaiatcnl  with  requirement  a  for  bins! 
ami  radiation  protection. 

For  beam  a  or  one-way  alaba,  adequate  ultimate  strength  design  criteria  are  available 
for  acctionti  of  normal  projjortlons  under  ulutlcallv  upplled  loud  a  (Reference  I).  Appli¬ 
cation  of  these  criteria  to  deep  sections  would  require  extrapolation  that  could  lead  to 
rather  serious  errors,  because  the  basic  criteria  are  largely  empirical.  This  is  fKirtle- 
ulariy  true  In  regard  to  shear  strength  which,  U  Is  believed,  will  prove  to  be  the  most  v 
significant  strength  parameter  for  the  very  deep  sections. 

For  two-way  stubs,  ultlmule  strength  design  crltcrlu.  even  for  static  loads  on  sect  I  ora 
cd  normal  proportions,  particularly  where  shear  phenomena  are  concerned,  are  not  very 
well  established.  Consequently,  for  dynamically  loaded  deep  slabs,  proporllons  would 
have  to  be  guessed  ut  ruthcr  than  designed  on  a  sound  basis.  As  u  result,  such  slabs 
would  have  to  be  proportioned  moro  conservatively  and,  therefore,  loss  economically  than 
they  should  bo. 

In  1058,  while  the  field  operations  for  this  project  wore  underway,  the  first  extensive 
series  of  laboratory  tests  on  doop  beams  (essentially  one-way  slabs)  was  begun  at  the. 
University  of  Illinois  under  Contract  AF  29(G0l)-408.  The  results  of  these  lusts  are  re¬ 
ported  in  References  2  und  3.  In  Chapter  4  of  this  report,  these  lest  results  are  consid¬ 
ered  In  the  evaluation  of  the  behavior  > f  the  slabs  for  this  project. 


1.3  THEORY:  BASIS  FOR  DESIGN  OF  ONE-WAY  SLABS 

When  the  slabs  for  this  project  wore  designed,  It  was  believed  that  one-way  slabs  were 
susceptible  to  failure  In  pure  shear,  flexure,  or  diagonal  tension.  The  results  of  the  lab¬ 
oratory  testing  described  in  References  2  and  3,  and  the  results  of  the  field  test  itself 
have  shown  that  the  critical  modes  of  failure  are  pure  shear,  flexure,  shear-compression, 
bearing,  shcar-unchoragc  and  bond.  These  tests  appear  to  indicate  that  deep  members, 
uniformly  loaded,  are  not  susceptible  to  failure  in  diagonal  tension.  The  modes  of  failure 
und  the  lest  results  are  discussed  In  Chapter  4. 

The  parameters  that  affect  tho  static  strength  of  a  simply  supported  rcinforccd-concrelo 
slab  In  the  threo  modes  of  failure  mentioned  above  (pure  shear,  flexure,  or  diagonal  ten¬ 
sion)  are  a'  '''Hows:  concrete  strength,  steel  strength,  depth  of  slab,  percentage  of 
tensile  rolmu. cement,  percentage  of  compression  reinforcement,  and  percentage  of  shear 
reinforcement.  When  loaded  dynamically,  the  strength  of  the  slabs  is  also  Influenced  by 
the  ductility  factor,  natural  period  of  vibration,  and  load  durudon.  Because  the  yield  of 
the  weapon  was  In  the  megaton  range,  the  expected  effeetlve  load  duration  was  long,  rel¬ 
ative  to  tho  nutural  period  of  vibration  ton  the  order  of  0.006  second)  of  the  slabs.  There¬ 
fore  it  was  assumed  that  the  load  duration  was  infinite,  thereby  simplifying  the  design 
computations  considerably.  It  Is  realized,  of  course,  that  this  is  not  quite  true;  however, 
the  resulting  errors  are  small,  compared  to  the  other  uncertainties  existing  In  the  design 
of  these  slabs. 

On  the  busis  of  the  preceding  remarks,  criteria  were  developed  in  terms  of  the  afore¬ 
mentioned  parumolet  H  for  tho  loads  requirod  to  produce  failure  in  each  of  the  three  speci¬ 
fied  modes.  Tho  development  of  those  ci  Iterla  Is  presented  In  the  following  paragraphs. 

1.3.1  t  yre  Shear.  A  pure  shear  failure  would  be  exemplified  by  failure  along  a  ver¬ 
tical  **".  ;;on  In  the  region  of  maximum  shear,  that  is,  at  the  supports.  If  the  effective 
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depth  of  the  slab  is  assumed  to  be  nine-tenths  of  the  total  depth,  and  the  shearing  resis¬ 
tance  of  the  longitudinal  reinforcement  is  neglected,  the  average  shearing  stress  across 
a  vertical  section  at  the  face  of  the  support  is 


V  (rsp>  '/  -> 
A  acP:.y  td) 


(l.i) 


Where:  r__  the  uniform  pressure  'static) 

/  the  clear  span 

d  ■  the  effective  depth  (All  symbols  are  defined  in  Appendix  C. ) 

if  the  shearing  strength  of  olain  concrete  is  taken  as  0.2  fc  where  Pc  is  the  ultimate 
strength  of  concrete  (Reference  4),  and  is  equated  to  the  shearing  stress  as  given  in 
Equation  1.1,  then  the  uniform  ptessure  required  to  produce  a  shearing  stress  equal  to 
the  shearing  strength  of  concrete  is  obtained  by  equating  Equation  l.l  to  0.2  f*c  and 
results  in  Equation  1.2: 

rSf)  -  0.44  P0  <d//)  (1.2) 


Shear  failures,  by  their  very  nature,  tend  to  be  brittle.  If  this  factor  is  taken  into  con  ¬ 
sideration,  then  the  reialionsiup  oe*.ween  the  dynamically  applied  pressure  of  infinite 
duration  required  to  produce  a  specified  degree  of  damage  and  the  static  resistance  is 
given  by  the  following: 

Pn/%  n*3' 

Where:  p  -  the  ductility  factor 

pm  -  the  dynamically  applied  constant  pressure 
qy  =  the  static  yield  resistance 

The  ductility  factor,  that  is,  the  ratio  between  maximum  or,  in  this  case,  collapse  deflec¬ 
tion,  and  yield  deflection  for  shear  failures  in  reinforced  concrete  is  rather  uncertain. 
How.  .  i*.  was  assumed  that  the  ductility  factor  probably  was  at  least  two.  Assuming 
then,  that  p  is  equal  to  two.  Equation  1.2  is  reduced  by  25  percent  and  becomes 

r*  -  0.33  P„  (d/7*  (1.4) 

».p  c 

Where:  r*  the  uniform  pressure  (dynamic). 

1.4  has  been  plotted  in  Figure  1.1(a)  fir  a  23-day  cy  lir.dc.'  strength  of  4,000  psi 
and  a  span  of  72  inches.  Equation  1.2  has  also  been  plotted  in  Figure  1.1(a). 

1.3.2  Flexure.  The  static  moment  (M)  at  the  center  of  a  simply  supported  slab  of  unit 
width,  uniformlv  loaded  at  an  intensity  of  rf  is  as  given  by  Equation  1.5. 

M  *  j  rf/:  U.5) 
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This,  then  must  be  equal  to  the  internal  resisting  moment  of  the  slab  which,  if  undor- 
roinforced,  will  fail  by  yielding  of  the  steel.  If  the  moment  arm  on  the  cross-section 
at  the  center  of  the  slab  between  the  resultant  force  in  the  concrete  and  the  resultant 
force  in  the  steel  at  yield  is  taken  as  o.ftd,  then  the  internal  resisting  moment  for  a  unit 
width  of  slab  is 

M  °  d  fv  (O.Od)  il.O 

lan  > 

Where:  o  the  percentage  of  flexural  reinforcement 
fv  •  the  yield  stress  in  the  steel 

liquating  Equations  1.5  and  1.6  yields  an  expression  for  the  load  required  to  produce 
yielding  of  the  steel  in  terms  of  the  yield  stress  in  the  steel,  the  span,  the  percentage  of 
l  flexural  steel  and  the  depth. 

rf  0.072  fy6  (d/l '?  (1.7) 

Because  flexural  failures  in  under-reinforced  slabs  are  usually  ductile,  the  ductility 
lactor  is  rather  large  ton  the  order  of  about  101  and,  as  shown  in  Equation  1.3.  the  cor¬ 
rection  for  ductility  would  be  so  small  as  to  be  negligible,  in  comparison  to  other  un¬ 
certainties.  Accepting  this,  the  relation  given  in  Equation  1.7  has  been  plotted  in  Figure 
1.1(b)  for  an  estimated  value  of  fy  of  "«  nno  psi,  for  a  span  of  72  inches  and  for  a  range 
of  values  of  6  normally  considered  in  under-reinforced  beams. 

1.3.3  Diagonal  Tension.  The  design  of  slabs  for  diagonal  tension  was  based  on  ai. 
empirical  relation  developed  in  Reference 

r,w  •  8M  (d/lf 

Where:  rgw  ;  the  static  resistance  or  failure  pressure 
O'  »  the  percentage  of  compres  'ion  steei 

Cw  ■  the  perce  '»age  of  web  steel  assumed  constant  over  the  length  of  the  beam 
fy^  the  yield  stress  in  the  web  steel 

The  other  -crisis  are  as  previously  defined.  If  the  span  is  taken  as  72  inches,  the  steel 
yield  stress  as  5u,o0?  t>si,  f*.  as  4,000  psi,  O'  as  zero,  and  the  percentage  of  flexural 
0  is  assumed  for  the  t,~«  betne  he  1.  then  the  above  expression  reduces  to: 

ft-Jiii?  «’«wl  (I.-*! 

which,  for  various  values  of  <j>w,  has  been  plotted  ir.  Figure  1.1(c).  The  assumption  that 
o*  (the  percentage  of  compression  steel  reinforcement)  is  zero  is  true  in  this  case.  For 
given  values  of  pressures,  slab  depths,  and  <p,  and  for  a  percentage  of  main- tension  steel 
not  equal  to  1.  the  v.lue  of  <JW  required  to  withstand  the  specified  pressure  can  be  found 
from  the  correct;. ,n  as  indicated  in  Equation  1.10: 


1  and  given  here  as  Equation  1.8. 
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Where:  ©w  -  the  value  given  in  Figure  1.1(c)  for  the  prescribed  depth  and  pressure  as 
the  percentage  of  web  steel  consistent  with  a  percentage  of  tension  steel 
of  1  percent 

Figure  1.1(c)  includes  a  line  labeled  6^.  -G.5,  which  :s  an  actual  impossibility,  but 

negative  values  of  r>W(  can  be  used  In  the  rbove  correction  to  determine  positive  values 
of  ©w  for  percentages  of  flexural  steel  less  than  1.  If  the  fif.al  value  of  ow  is  negative 
then,  for  the  given  depth  and  percentage  of  flexural  steel,  the  beam  should  not  fail  in 
diagonal  tension,  even  with  no  web  steel  at  the  pressure  assigned. 

Although  diagonal  tension  can  bring  about  brittle  failures,  particularly  in  beams  with¬ 
out  web  reinforcement,  no  correction  for  ductility  factor  was  applied  to  Equation  1.3  and 
1.9.  Rather,  the  value  for  r8W  found  from  those  expressions  was  taken  as  an  upper  limit 
of  a  range  of  probable  failure  pressures  for  which  0.75  rgw  (assumed  ductility  factor  of 
two  in  Equation  1.3)  is  the  lower  limit. 

1.4  THEORY:  BASIS  FOR  DESIGN  OF  TWO-WAY  SLABS 

The  design  of  the  two-way  slab  test  specimens  was  considerably  more  complex  than 
was  the  design  of  lie  one-way  slab  specimens.  The  principle  reason  for  this  increased 
complexity  was  the  lack  of  information  available  on  the  strength  of  two-way  slabs  insofar 
as  it  may  be  controlled  by  diagonal  tension.  The  information  available  in  this  area,  even 
under  static  loads,  is  extremely  limited  and,  for  dynamic  loads,  totally  nonexistent. 
Consequently,  the  design  techniques  employed  in  the  proportioning  of  the  two-way  slabs 
can  be  considered,  at  best,  little  more  than  educated  guesses.  It  was  recognized  that 
such  slabs  might  fail  in  cither  one  of  the  three  common  modes  of  failure,  that  is.  flexure, 
pure  shear,  or  diagonal  tension.  As  in  the  case  of  the  one-way  slabs,  most  of  the  twa- 
way  slabs  wery  proportioned  so  that  the  probable  mode  of  failure  v.ou'.d  be  dl^ponal  :««*<«( 
The  criteria  uoed  for  the  design  of  these  slabs  in  each  of  the  several  modes  of  failure  ire 
developed  );i  the  following  paragraphs. 

1.4.1  Flexure.  The  design  of  the  slabs  far  ultimate  flexural  resistance  is  based  on 
the  y.^  line  theory  (Reference  5),  which  assumes  that  a  square  panel  simply  supported 
on  all  four  edges  and  subjected  to  a  uniform  load  will  fail  in  flexure  along  two  diagonal 
lines  connecting  opposite  corners  of  the  slab.  In  other  words,  the  failure  cracks  would 
occur  on  the  bottom  of  the*  slab  dividing  the  panel  into  tour  congruent  right  triangles  who*- ; 
hypotenuses  are  the  .-tides  of  the  square  panci.  Due  to  symmetry,  there  will  be  no  shear 
across  a  section  along  either  of  the  diagonal  lines  so  that  each  triangle  may  be  separated 
as  a  free  body  with  a  uniform  (yield)  momeni  acting  along  the  two  cutting  planes,  a  uniform 
load  whose  resultant  is  at  the  ceutioid  of  the  triangle,  and  a  distributed  support  reaction 
whose  resultant  acts  at  the  center  of  the  hypotenuse.  For  equilibrium,  the  moment  per 
unit  of  length  along  the  cutting  plane  can  be  found  as, 

M  ~r  {l2  U. 11) 

in  wH  •  *,  f  is  the  panel  side  dimension,  or  span,  in  either  direction.  Equating  the  above 
.lion  to  Equation  1.6,  the  Internal  moment,  results  in  the  expression. 
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In  which  o  now  represents  the  percentage  of  flexural  steel  in  each  direction  because  <t 
is  the  same  in  two  perpendicular  directions.  This  indicates  that  for  flexure  a  two-wav 
slab  is  three  times  as  strong  as  a  one-way  slab  having  the  same  percentage  of  tensile 
steel.  If  £v  is  Su.ono  psi  and  l  is  72  inches,  as  before,  then  the  values  given  for  o  or 
!'(■  in  Figure  I.I<b)  car.  be  corrected  by  a  factor  of  3.0  to  find  similar  values  for  t-va-way 
stabs.  That  is,  for  .1  given  pressure  and  depth  the  stab  needs  only  one-third  as  much 
steel  in  each  direction  as  a  beam,  or  for  n  given  depth  and  percentage  of  steel,  the  slab 
can  resist  three  times  as  much  load  as  the  beam- 

1.4.2  Pure  Shc.tr  and  Diagonal  Tension.  With  respect  to  shear  and  diagonal  tension 
in  live  two-way  slabs,  the  simplifying  assumption  was  made  that  any  strip  of  si  a1'  parallel 
to  two  of  the  tour  aides  of  the  panei  could  be  designed  aw  a  beam  spanning  72  inches  and 
subjected  to  a  load  of  just  half  the  pressure  acting  on  the  slab.  Although  this  approxi¬ 
mation  is  uneonservativ',-  for  some  particular  strips,  notably  those  through  the  center, 
tnc  absence  of  precedent  ‘or  shear  reinforcement  in  slabs  and  the  approximate  nature  of 
'!-.e  design  relations  used,  even  for  beams,  ao  not  justify  a  more  precise  determination 
of  the  shear  conditions  within  the  slab  at  this  time.  Consequently,  Figures  1.1  (a)  and 
1.1(e)  may  be  used  after  multiplying  the  design  pressure  by  one-half. 
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Pressure  ,  10*  psi 
(a)  PORE  SHEAR 


Pressure  ,  iO1'  psi  Pressure  ,  10*  psi 

.3)  FLEXURE  (C>  DIAGONAL  TENSION 

Figure  S.;  Dt-tfign  rel.Uii.ns  fur  the  prt  •J.cU'cl  nxxks  "f  fculurf. 
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The  span  lengths  and  overpressure  levels  UHvd  in  these  tests  were  chosen  In  create  eon*  > 
‘litmus  fur  which  current  design  specifications  and  data  are  inadequate  for  relluble  use. 

I'hc  uncertainty  Is  greatest  In  the  area  of  diagonal  tension;  therefore,  the  span-lo-depth 
ratios  were  chosen  so  as  to  make  this  phenomenon  critical  in  most  of  the  slabs.  Approx¬ 
imately  half  the  slabs  were  reinforced  for  diagonal  tension. 

The  slabs  of  both  types  were  designed  with  spans  of  0.0  feet  with  their  tops  flush  with 
the  ground  surface  so  that  only  the  overpressure  would  act  on  them. 

because  the  instrumentation  in  this  project  was  extremely  limited,  the  information 
gained  from  the  testa  depended  primarily  upon  the  dffcrencos  between  those  slabs  which 
failed  and  those  which  did  not.  To  provide  such  information,  one  specimen  of  each  series 
had  to  be  so  weak  that  It  was  almost  certain  to  fall,  even  at  the  lowest  probable  pressure, 
while  one  other  specimen  had  to  be  so  strong  that  it  would  not  fail  even  at  the  highest 
probable  pressure.  Between  these  extremes,  the  strengths  of  the  specimens  were  varied 
as  uniformly  as  possible  by  varying  depth,  flexural  reinforcement  and  shear  reinforcement. 

Because  of  the  gross  lack  of  data  concerning  dynamic  diagonal-tension  strength,  an 
extensive  Instrumentation  program  seemed  inappropriate.  Consequently,  the  results  of 
these  tests  arc  not  expected  to  yield  complete  design  specifications.  Ilather,  It  is  ex¬ 
pected  that  they  will  serve  only  to  further  limit  and  define  the  significance  of  the  numer¬ 
ous  parameters  affecting  the  strength  of  such  slabs.  It  is  hoped  that  the  results  of  these 
testa  will  define  sufficiently  well  the  significance  of  the  several  parameters  so  that,"  by 
means  of  further  studies,  definitive  design  criteria  can  be  determined.  Until  bum  nine 
as  further  studies  can  be  performed,  the  results  of  these  tests  will  undoubtedly  give  to 
the  designer  of  blast-resistant  stubs  confidence  in  excess  of  that  which  he  now  possesses. 

2.1  UNL-...1Y  SLABS 

The  one-way  slabs  were  designed  for  peak  overpressure  levels  of  000  and  175  psi, 
which  were  originally  predicted  on  the  basis  of  a  nuclear  device  yield  of  1.5  Mt  to  occur 
at  ranges  of  1,030  feet  and  3,100  feel,  .\wuj.t  ctlvely,  from  ground  zero.  At  ore*'  Wf  »he«o 
locations,  15  such  slabs  were  tested.  The  weakest  of  thesu  were  proportioned  so  that 
they  should  full  at  pressures  as  low  us  <100  and  150  psi,  respectively.  The  strongest 
w.  •  ;-.  opoi  tinned  so  that  they  should  remain  unharmed,  even  though  th;  overpressure 
levels  present  at  each  of  the  test  locations  were  to  reach  800  and  250  psi,  respectively. 

The  remaining  13  slabs  at  each  site  were  proportioned  so  thut  thoy  should  fail  at  pres¬ 
sures  Intermediate  between  these  extremes.  At  the  predicted  600-psl  location,  the  slabs 
hud  effective  depths  which  varied  from  20  to  50  Inches,  and,  at  the  predicted  173  psi 
location,  irom  It  al  h.chus. 

As  an  illustration  of  the  method  used,  consider  the  case  of  Slab  38-4  which  had  an 
assigned  fjective  depth  of  30  inches  From  Figure  1.1(a),  the  resistance  to  shear  proper 
ir.  c.;ii  pal.  if  1.5  percent  of  tensile  steel  Is  assigned  to  this  beam,  the  flexural  resistance 
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:s  | is:  •from  Equation  1.7*.  which  :s  :han  adequate.  Thu  u eh  rcinfon-i  ment 

then  must  be  designed  lor  .1  pressure  consistent  with  (>fin  psi.  !  he  range  of  pressures 
from  Bern  to  str.i  psi  is  therefore  considered.  Use  of  the  depth  of  :ir>  inches  and  "  m  psi 
in  Figure  1.1  (cl  results  in  a  value  <n  ew  of  approximately  ".u\  hur<xiuction  of  his 
value  into  Equation  l.lo  indicates  that,  ir  this  instance,  no  web  steel  is  require*!  to  re¬ 
sist  a  pressure  of  Sou  psi.  As  indicated  in  Section  1.3.  this  represents  an  upper  .tmi*.  <>1 
the  probable  strength  in  diagonal  tension  with  the  lower  limit  being  equal  to  73  percent 
*>f  Son  p>!.  or  •'•(in  psi. 

At  each  of  the  iw  >  predicted  overpressure  levels,  the  slabs  Wert  tested  in  groups 
having  a  <..i*n::ioi.  depth,  the  diagonal  tensile  strength  within  anv  given  depth  group  being 
varied  Dv  variation  i.i  the  percentages  of  flexural  and  web  steel.  These  variations  were 
chosen  by  trial  and  error  within  any  given  group  so  that  the  range  in  diagonal  tensile 
strengths  within  the  group  would  be  wide  enough  to  bracket  the  probable  vari  itions  m 
overpressure  which  cou!d  be  expected  on  the  basis  of  the  range  of  predicted  device  yield, 
p'us  an  additional  range  in  strengths  to  account  for  the  uncertainties  in  the  theory  where¬ 
by  the  predicted  strengths  were  determined. 

Though  most  of  the  slabs  were  proportioned  so  that  failures  should  occur  as  a  result 
of  weakness  in  diagonal  tension,  it  was  expected  that  some  of  the  failures  might  be  of  n 
flexural  or  pure  shear  nature,  since  the  basis  for  ultimate  strength  computations,  partic¬ 
ularly  unde:  dynamic  loads,  is  admittedly  rather  uncertain. 

3.1.1  Choice  of  Test  Spor*:-  As  indicated  previously.  13  test  speciments  were 

placed  at  each  of  the  two  nominal  overpressure  levels  of  0»‘>  and  175  psi.  The  slabs  were 
so  proportioned  that  their  strengths  depended  primarily  u(»on  their  strength  in  diagonal 
tension  as  determined  on  the  basis  of  the  criteria  developed  in  the  preceding  section.  In 
some  instances,  the  slab  strengths  in  diagonal  tension  were  approximately  equal  to  their 
strengths  in  pure  shear  and/or  flexure.  The  proportions  of  the  one-way  slab  test  speci¬ 
mens,  together  with  their  predicted  failure  overpressure  levels  m  each  of  the  three  modes 
of  iailure.  are  summarized  in  Table  2.1.  The  revised  diagonal  tensile  strength  predic¬ 
tions  given  therein  were  made  on  the  assumption  that  Equation  1.8  was  applicable,  even 
though  the  concrete  strengths  were  considerably  in  excess  of  the  rang*4  ‘ 

which  this  equation  was  empirically  developed.  The  revised  flexural  strength  predictions 
take  into  account  the  dynamic  yield  value  of  33  kips  per  square  inch  iksil  determined  from 
the  laboratory  testing  of  the  slab  reinforcing  steel.  The  results  ol  the  laboratory  testing 
of  !’•  «•  reinforcing  steel  are  giver,  in  detail  in  Section  4.2.1. 

2.1.2  Details  of  Test  Specimens.  Ail  of  the  test  specimens  were  designed  on  the 
basis  of  an  assumed  28-day  cylinder  strength  of  4.000  psi  for  toe  concrete  and  an  assumed 
dynamic  yield  stress  ie  the  steei  of  50.000  psi.  Tlie  construction  contractor  ‘.vas  di reeled 
to  provide  eoncret*  with  a  strength  of  trom  <J,5()f’  K  !  son  nst  .*»«  indicated  or  i.’.rv.  test 
cylinders  taken  frum  each  batch,  one  cylinder  of  which  was  to  be  tested  at  the  Eniwetok 
Proving  Ground  (EPGi  at  the  time  of  the  slab  tests.  The  construction  contractor  was 
lurtner  directed  to  take  all  principal  reinforcing  from  the  same  lot  of  intermediate -grade 
billet  steel  conforming  to  ASTM  Specification  A -305.  Twenty-four  3-foot  lengths  ol  each 
steel  were  sent  to  the  Structural  Research  laboratory.  Department  of  Civil  Engineering. 
University  of  Illinois. 

The  actual  i?.es  and  number  of  bars  used  and  their  locations  arc  summar  i/.ed  •«*  Table 

2.2  and  Figure  2.1.  All  flexural  reinforcing  was  of  No.  6  bars.  The  error  between  th«- 
arcr  of  steel  vailed  for  in  Table  2.1  and  the  area  provided  in  Tabic  2.2  is  in  ail  cases  icss 
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than  [H-r'  i-sst  which,  considering  the  degree  “f  approxim  tr.us  tar  i  n:p;-H  I  i 
n< ■■  w:n  r.-int  any  adjustment  of  Tabic-  i . 

FiguieS  J.2.  3.3,  :uvj  2.4  show  the-  sup|Mr'.iiig  structures  (;»•  the  test  slabs  '!  ■■ 
umf-Tin  s-upjrorl,  the  slabs  were-  rested.  not  on  the  concrete  foundation  ilin-d!>.  -v,  \ 
ft: Jiitit  in  uneven'  i/it  rather  on  washers  and  nuts  'Fi'f  iri-  2.  t.  adjusted  to  the  proper 
vatioti  and  surrounded  by  a  dry-packed  grout  "covering  the  entire  suppos:  area  a:,h 
would  >  <nt->r:ii  •,.»  any  irst-gularities  in  either  th»  slab  <-r  the  support.  When  set.  tia 
gi‘-ut  provided  a  neariy  uniform  support.  The  same  threaded  rids  that  supp-rte1 
slab  were  extended  through  holes  u.  the  slab  and  provided  v.i'h  t.uts  and  washers  ?  > 
am-  uplift  d-.nng  the  negative  pressure  phase. 

F*>r  the  experiment  to  function  proper I v.  it  was  essential  that  the  pressures  act 
on  the  top  surfaces  of  the  slabs.  To  tms  end.  the  pressure  sea  is  sh<*«n  in  Figure 
were  designed  t->  sea!  off  the  bottoms  >»f  the-  slabs  without  significant!-,  increasing  :  . 
resist  nice  -*f  the  slabs. 


2-2  TWO-WAY  SLABS 

Ten  two-way  slabs  were  designed  far  test  under  the  higher  predicted  press-, n-  ’ 

hi >! I  psi.  As  in  the  case-  of  the  one-way  slabs,  they  were  designed  so  that  their 
strengths  appeared  to  be  dependent  primarily  upon  the  diagonal  tensil  strength  of  t;.e 
slabs.  However,  since  for  two-wav  slabs  there  is  no  information  available  relative  to 
the  ultimate  strength  of  such  silicic  ...  vuwgona!  tension  under  dynamic  loads,  the  pic-Jicted 
strengths  nay  be  considerably  in  error.  Consequently,  even  though,  the  slabs  were  de¬ 
signed  for  a  nominal  pressure  of  C>00  psi,  they  were  proportioned  so  that  at  ieasi  some 
usable  data  would  be  obtained  even  though  the  actual  pressures  present  should  depart 
from  this  nominal  value  by  as  much  as  *400  psi.  Actually,  this  wide-  range  of  strengths 
of  the  two-way  slabs  was  chosen  not  so  much  because,  of  uncertainty  relative  to  the 
pressures  that  might  be  expected  at  the  chosen  location,  although  this  was  certainly  a 
consideration,  hut  rather  because  of  lack  of  knowledge  as  to  the  diagonal  tcnsiie  strength 
of  two-way  slabs. 


2.2.!  Choice-  of  Test  Specimens.  The  same  parameters  which  influence  the  strength 
of  the  one-way  slabs  apply  equally  well  to  two-way  slabs.  In  this  investigation  the 
strength  of  the  concrete  and  the  strength  of  the  steel  were  held  constant,  thereby  reduc¬ 
ing  the  ’  >rtant  parameters  to  be  considered  to  th«-se  three:  d.  effective  slab  depth. 

C,  the  percentage  of  flexural  steel;  and  0W .  the  percentage  of  web  reinforcement.  As 
in  the  case  of  the  one-way  siabs,  here  also  several  slabs  were  tested  a',  each  of  several 
different  depths.  For  each  depth  the  strength  in  diagonal  tension  was  varied  over  a  rea¬ 
sonably  wide  range  t;.  .  ;h.  re-  "r  flevsra*  step!  ->«•!  wrwwaai.  of  web 

s;*-el.  Because  the  area  of  uncertainty  insofar  as  the  prediction  of  dijgor.ji  ter.stL- 
strength  of  two-way  slabs  is  concerned  is  grea’er  than  it  was  in  '.he  case  of  the  one -wav 
»l>«  the  range  of  predicted  strengths  had  to  be  y-ster  *n  orde-  t«»  *five  equal  assurance 
of  obtaining  reasonably  good  data.  Consequently,  for  each  depth  of  slab,  one  was  design¬ 
ed  to  fail  at  n  very  low  pressure,  another  was  designed  to  fail  at  a  rather  high  pressure, 
sod  the  remaining  slabs  were  given  reinforcement  percentages  so  that  their  strength- 
varied  more  or  less  uniformly  between  these  two  extremes.  The  proportions  of  the  two- 
way  .dab  test  si„  ..cm  together  with  their  predicted  failure  overp-esuure  levels  it.  net* 
of  tiie  three  modes  of  failure  are  summarized  in  Table  2.3. 

As  a.  '  latnple  of  design,  consider  Slab  20-4  which  has  an  assigned  depth  of  2t»  inches. 
*f-  •  ignre  t.liat  a  beam  of  20  inches  in  depth  could  resist  by  (jure  shear  a  pressure  of 
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370  psi,  therefore,  the  slab  car.  resist  7-J0  psi.  If  tin.  resistance  in  fiexurt  >s  take:,  as 
.*if»0  psi,  Figure  1.1  ib>  indicates  a  percentage  of  3.7  flexural  steel  required  for  a  beam, 
hence.  O.o  percent  will  be  used  in  the  siab.  if.  finailv.  an  assumed  range  for  diagonal 
tension  of  from  "*0y  to  800  psi  is  used,  then  entering  Figure  1.1  fc*  with  a  depth  cf  3-1 
inches  and  a  pressure  of  400  psi  (half  the  upper  limit  of  805  psi)  results  hi  a  required 
O  of  0.0  if  *  were  equal  to  1.  Therefore,  the  required  percentage  of  web  steel  is 
giver,  in  Equation  1.10  as  1.0.  At  this  depth,  other  probable  strengths  were  obtained  in- 
varying  o  ar.d  ow. 


(t(  Test  sp^clTTV.'n?  The*  actuu!  litid  niinil’V!  2  of  bars  to  L*t*  used 
and  their  location*  are  summarized  in  Tahie  3.4.  and  Figure  2.5.  Ideally,  the  shear  re¬ 
inforcement  should  have  been  placed  so  that  the  effective  segments  of  the  bars  were 
vertical  when  viewed  in  any  section.  This  wouid  have  made  the  effectiveness  of  each  bar 
equal  in  ail  directions.  Unfortunately,  bar  fabrication  and  placement  restriction*  made 
this  impracticable.  Therefore,  Uv?  stirrups  were  placed  as  indicated  with  the  realization 
that  the  departure  from  the  ideal  condition  indicated  above  was  small  and  probably 
incon  sequential. 

The  siab  suoport  details  are  shown  m  Figure  2.«.  Those  remarks  given  in  bection 
2.1.2  relative  to  the  strength  of  the  concrete,  strength  of  the  steel,  and  handling  of 
samples  of  ooth  for  the  one-way  slabs  apn’y  also  to  the  two-way  slabs. 

2.3  FABRICATION  OF  Veil  SPECIMENS 

The  agency  responsible  for  the  construction  of  the  test  specimens  and  supporting 
structures  recommended  precasting  cf  the  slabs  and  beams  in  the  U.  S.  It  was  felt  that 
closer  control  of  concrete  strength  could  be  obtained  at  a  stateside  site  rather  than  at 
the  EPG.  The  specimens  were  precast  at  a  site  in  California  and  shipped  by  surface 
transportation  to  the  EPG.  Test  cylinders  for  each  slab  and  beam  were  also  provided  in 
order  to  determine  concrete  strength  on  shot  day. 

The  results  of  the  28-day  concrete-strength  tests  by  the  contractor  were  received  in 
the  project  after  the  beams  and  slabs  had  been  delivered  to  the  tPC.  Ti- 
vcalcd  thxt  the  26 -day  strengths  exceeded  the  4,500-psi  upper  limit  of  specified  concrete 
strength  by  15  to  20  percent  Because  there  was  not  sufficient  time  remaining  to  recast 
ail  the  specimens,  it  was  decided  no;  recast  any.  It  was  felt  that  any  advantage  ob- 
tai-'d  by  recasting  a  few  beams  or  slabs  would  be  offset  by  the  additional  variations  in 
cv.i.  jte  properties  that  would  be  introduced.  A  secondary  consideration  was  that  a 
revision  of  the  predicted  yield  for  Shot  Koa  indicated  the  probability  of  higher  overpres¬ 
sures  at  the  two  stations.  It  was  recognized  that  if  these  higher  overpressures  occurred, 
the  increase  in  concrci*  strength*  might  be  advantageous. 

The  static  and  dynamic  lest£  of  *ne  slab  rcm'orcing  steel  conducted  in  fh*-  Si.  •viur-.1 
Research  Laboratory  of  the  University  of  Illinois  indicated  the  vield  resistance  cf  the  re¬ 
inforcing  steel  was  also  considerably  higher  than  anticipated.  The  revised  predicted  re¬ 
sistances  in  pure  shear,  diagonal  tension,  and  flexure  considering  the  actual  steel  ami 
concrete  strengths  are  given  in  Tables  2.1  and  2.3. 

2.4  DATA  REQUIREMENTS  AND  INSTRUMENTATION 

The  minimum  data  considered  necessary  for  the  success  of  this  project  included  thi 
fre'— peid  overpressure  at  each  site  aid  the  maximum  deflection  and  mode  of  failure  of 
r„  in  specimen  ihat  was  damaged.  The  present  jack  of  knowledge  concerning  the  relative 
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significance  of  the  several  strength  parameters  made  a  more  comprehensive  instrumen¬ 
tation  program  impractical.  The  simple  instrumentation  system  used  was  intended  pri¬ 
marily  to  define  the  relative  significance  of  the  strength  parameters  —  flexure,  shear, 
and  diagonal  tension. 

2.4.1  Free  -  Fieid  Overpressure.  Overpressure  measurements  were  made  at  each  of 
tin  two  sites  by  the  Ballistic  Research  Laboratories  <BRLi  with  self-  recording  pressure- 
time  gages,  as  described  in  the  Reference  6.  These  gages  were  moulded  on  me  support¬ 
ing  structures  of  the  s:abs  and  were  designed  measure  maximum  pressures  of 

amt  3oo  psi  at  the  high-  and  tow -pressure  stations  respective!;. . 

2.4.2  Acceleration.  Six  seif-recording  accelerometers  were  used-  Two  were  placed 
on  the  supjfOrting  structure  of  each  of  the  three  groups  of  slabs.  These  devices  were  de¬ 
signed  to  record  accelerations  up  to  150  times  that  of  gravity.  It  was  exacted  that  !nfc: 
mation  obtained  from  these  accelerometers  woo  id  be  of  limited  value  insofar  as  the  anal¬ 
ysis  and  interpretation  of  the  data  obtained  '*n  this  particular  project  arc  concerned: 
however,  it  was  hoped  that  they  would  yield  additional  and  much  needed  information  rela¬ 
tive  to  the  magnitude  of  the  peak  accelerations  that  the  structure  experienced. 

2.4.3  Permanent  Deflections.  The  response  of  each  slab  io  the  applied  loading  was 
determined  primarily  by  deflection  -«*asuremeiK3.  Bolts  were  cast  in  the  tops  of  the 
slabs  in  a  pattern  such  that  their  elevations  would  define  the  deflected  shape J  of  the  slabs. 
Or  the  one-way  slabs,  five  bolts  were  equally  spaced  down  the  centerline,  the  end  boils 
being  located  over  the  inside  edge  of  the  sc  , ports.  On  the  two-way  slabs,  the  bolts  were 
placed  in  the  same  manner  on  both  centerlines  and  on  both  diagonals.  It  was  possible  to 
measure  the  elcvatiocs  of  the  belts  a .curateiy  to  within  0.t>2  inch. 
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•fAFM.K  2.2  DIMENSIONS  i*K  ONE-WAY  SLABS. 
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DIMENSIONS.  OF  TWO-WAY  SLABS 
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TYPE  "A"  STIRRUP 
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TYPE  nA*  AND  “B"  STIRRUPS  SHOWING  PLACEMENT 
PATTERNS  FOR  LONGITUDINAL  STEEL 


Figure  2.1  One-way  slab  details. 


:« 

SECRET 


< 

a! 


xi 

SIC 


gCVZ*!*  »»s> 


■way  alab  support. tt  at  Station  tM*0.02. 


DETAIL  C 

Figure  2.4  One-way  slab  support  details. 


31 

SECRET 


TYPICAL  REINFORCEMENT  DETAIL 


TYPICAL  CROSS  SECTION 


Figure  2.5  wo-way  sirb  details. 
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Chapter  3 


RESULTS 


3.1  FREE- FIELD  MEASUREMENTS 

The  free-fieid  measurements  consisted  of  surface  overpressures  at  each  of  the  t'-'st 
stations.  These  were  recorded  by  self-recording  gages  turnished  bv  BRL.  In  the  *ost. 
rome  of  the  gage  responses  exceeded  their  calibrated  ranges  and  tad  to  be  recalibrated 
be  (ere  iinal  reduction  of  the  traces.  The  peak  values  on  some  of  the  records  wtrc  <%(!- 
cua  to  identify  definitely  because  of  flaking  of  the  recording- mirror  surface  in  the  vicini  — 
tv  of  the  peak  value.  Fortunately,  the  record  needle  scratches  could  be  identified  f Airly 
well  on  the  mirror  glass  itself. 

From  the  three  pressure  gages  installed  at  Station  SC0.01,  ground  range  1,83(»  f^v, 
only  two  records  were  obtained.  The  other  gage  could  not  be  found  after  the  test,  the 
preSsure-time  curves  resulting  from  these  records  are  reproduced  in  Figures  3.1  Unit 
3.2.  In  order  to  rectify  the  wide  variance  in  the  time  function  evident  in  these  two  r ch¬ 
ords,  the  surface  overpressure-time  record  obtained  by  the  Stafford  Research  Institute. 
Project  I.S,  at  ground  range  2,000  feet,  was  consulted  (Reference  7).  This  record  is 
reproduced  in  Figure  3.3.  It  indicates  that  the  pressure-time  variation  and  peak-fr^esSUft 
value  of  Figure  3.1  is  most  probable  for  Station  360.01. 

Relatively  good  records  were  obtained  from  all  three  pressure  gages  at  Station  -^>0.0 <; , 
ground  range  3,100  feet.  These  records  (Figures  3.4,  3.5,  and  3.6)  indicate  peak  pres¬ 
sures  of  171,  193,  and  212  psi.  For  guidance  in  selection  of  a  reasonable  value  of  beak 
pressure  for  use  in  the  analysis  of  the  resuits,  the  surface  overpressure-time  record  at 
ground  range  3,144  feet  was  obtained  (Reference  7).  This  record  :s  reproduced  in 
3,7.  In  spite  of  greater  range,  it  shows  a  higher  peak  (239  psi)  than  any  of  the  5iu*-lu;[ 
360.02  records.  For  this  reason  it  was  considered  tnat  the  best  peak-pressure  valhejt 
Station  360.02  was  near  the  highest  value  for  the  three  records.  Therefore  a  valu#  of 21.0 
psi  was  sidected  as  the  effective  peak  pressure  at  Station  360.02. 

3.2  SI-AB  FOUNDATION  DISPLACEMENTS 

Scif-recording  accelerometers  were  installed  on  the  siab-supponing  structure#  at  both 
stations  in  ar.  effort  to  obtain  informrbon  vjt.''«si<xng  structure  .*.jLuh-»  iu  high  proSs'.rsr 
regions.  Unfortunately,  the  gage  canisters  did  not  prove  to  be  watertight  and  tne  ftiuui  <-i» 
were  ruined.  No  acceleration  data  was  obtained  on  this  project. 

,'ho  condition  of  the  site  after  the  test  indicated  -nut  severe  foui.djiivn  c!;5piace»v>i.r,ts  „ 
and  therefore,  large  accelerations  occurred  during  the  test.  The  changes  in  slab  founda¬ 
tion  elevations,  aa  determined  by'  posttest  surveys,  are  given  in  Table  3.1.  inspection 
of  Figure  3.12  indicates  the  ground  displacements  under  the  two-way  siabs  was  no*  uni¬ 
form.  Slab  20-4.  iri-ated  in  the-  middle  of  the  foundation,  was  discovered  to  be  ab^ai  I 
foot  below  the  lev«.-i  of  the  adjoining  slabs.  No  posttest  survey  mensu.  er.-ent*  arc  Pli¬ 
able  for  the  two-way  slabs. 
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3.3  hi.hav'iok  of  s;^\as 

The  preliminary  incomplete  data  Rained  <m  the  initial  reentry  indicated  rhat  t  ie  test 
sjiecimcits  sustained  only  minor  damage.  Subsequent  more  complete  study  of  ti  *•  >mlit:d- 
tidl  beams  and  slans  revealed  that,  while  the  damage  was  not  severe,  it  was  v»i  sidt  l'abh 
greater  than  the  earlier  results  iiulicatcd.  Removal  and  inspection  of  the  test  s  x-cimens 
showed  much  more  extensive  cracking  than  wa3  in  evidence  on  the  lops  ■•(  specimens  as 
they  were  viewed  in  place  immediately  alter  test.  These  more  complete  results  are  sum¬ 
marized  in  Tables  3.2  and  3.3.  Supporting  the  verbal  descriptions  of  toe  damage  given  in 
these  table?  are  numerous  photographs  ,(  the  beams  and  slabs.  Figures  3.S  to  .i.i-l  are 
photographs  of  the  stations  Indore  and  after  !!„•  test.  Photographs  of  the  slabs  ;-iii  i  die 
test  apjiear  as  Figures  3.1a  througli  3.23  and  are  referenced  in  Tables  3.2  ami  3.3  to  the 
appropriate  test  specimen.  Photographs  are  presented  only  when  the  cracks  were  suf¬ 
ficiently  distinct  to  warrant  it. 

The  most  significant  damage  was  observed  in  the  one-way  slabs  at  a  range  of  l.tfljn 
feet.  Of  the  15  test  specimens,  nine  exhibited  definite  permanent  evidence  of  damage. 

As  would  be  expected  on  the  basis  of  the  predicted  failure  overpressures  shown  m  Tables 
3.2  and  3.  3.  most  of  the  damage  occurred  in  the  form  of  vertical  flexural  cracking  and 
diagonal  crackii-g  ia  liie  slabs.  However,  the  extent  of  the  damage  observed  was  still 
small  in  compar.son  to  that  which  would  nave  been  predicted  on  the  baeir  »f  th-..  ineasured 
overpressaie  of  l.loO  psi. 

The  ene-way  3iabs  at  a  range  of  3, loo  feet  showed  only  very  slight  damage.  Since  the 
one-way  slabs  at  a  range  ot  i.tsao  icct  sustained  no  heavier  damage  than  they  did  'alien 
subjected  to  a  pressure  of  almost  twice  the  nominal  design  value,  it  is  not  surprising  that 
those  at  a  range  of  3,10n  feet  were  virtually  undamaged  when  loaded  approximately  with 
their  design  nominal  pressure. 

The  two-way  slabs  at  a  range  of  1,830  feet  sustained  very  severe  damage.  However, 
the  evidence  available  indicates  that  this  damage  resulted  from  foundation  distortions  and 
breakage  rather  than  from  applied  surface  leads.  As  indicated  in  Figures  3.11  and  3.12, 
this  entire  scries  of  specimens  appears  to  have  been  subjected  to  severe  fissuring  of  the 
supporting  subsoil.  This  contention  is  supported  by  the  data  of  ’’able  3.3  wherein  it  ;«.• 
noted  that  the  limited  amount  of  damage  to  individual  slabs  that  was  in  evidence  occurred 
not  on  the  weakest  slabs  but  rather  on  those  three  that  were  in  the  area  of  most  severe 
foundation  damage.  It  is  inconceivable  that,  except  as  influenced  by  the  foundation  dis¬ 
tortions  just  mentioned.  Slabs  2'*-3.  2** -4 .  and  25-1  could  have  been  damaged  when  Slabs 
1*  15-2,  20-1.  and  20-2  were  not. 

because  no  data  was  obtained  in  this  lest  that  could  be  used  in  evaluating  the  response 
ot  deep  two-way  slabs  to  blast  loads,  no  further  discussion  of  the  test  results  is  made  in 
•  his  report.  The  meager  static-Iood-resistancc  data  available  was  consulted  to  obtain 
the  expressions  f-Ji  the  design  u.v  »■  «-»av  slabs  deveiopvu  in  t.iu^cr  I. 

The  permanent  deflections  recorded  for  each  test  specimen  are  also  presented  in 
Tabieu  3.2  and  3.:--.  The  deflections  giver,  for  the  one-way  slabs  were  untamed  from  post- 
t“st  surveys  rfoimed  by  ifoln.es  and  Nurve. .  Those  for  ttie  two-way  slabs  were  ob¬ 
tained  in  the  initial  reentry  recovery  effort  by  reading  the  center  deflection  from  a 
straight-edge  that  spanned  between  reference  points  on  the  edges  of  the  slabs.  No  perm¬ 
anent  deflections  were  measured  on  those  two-way  slabs  that  sustained  the  only  noticeable 
damage  because,  at  the  time  of  the  initial  reentry,  they  were  comoletely  buried  in  the 
area  of  the  '  .dati  'n  failure.  A  change  in  the  schedule  of  test  e veals  s-:  restricted  the 
time  avai; abic  for  the  final  data  recovery  on  this  project  us  to  make  deflection  surveys 
on  :  .•  ..c  slabs  after  they  were  excavated  impossible. 
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Little  confidence  can  in-  placed  in  the  deflection  measurements  as  reported  her* 

A  study  of  these  deflections  reveals  nun*«  rocs  inconsistencies  resulting  evident!',  ir  «r 
the  fact  that  sonic  »f  the  studs  installed  in  the  slabs  for  profile  measurements  «-ri 
during  the  test,  thereby  invalidating  a  eo  -iparison  of  pretest  ar.d  posttes;  survey  nu-a-- 
urements.  However,  the  deflections  were,  in  general,  so  small  as  to  i>e  negiigib  ■ 
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Tint*,  msec 

Figure  3.  :  Pressure- time  record  360.01  Bat  Station  360.01. 


es»uro-tiroe  record  360.02  A  at  Station  3C0.02. 


Time,  msec 


Figure*  3.8  Pretest  view  of  slabs  at  Station  360.01.  range  1.830  feet. 
Two-way  slabs  are  in  foreground.  One-way  slabs  are  in  background. 
Pressure  gages  and  accelerometers  are  ready  for  installation  (lush 
with  top  of  slabs.  Ground  zero  is  to  the  left. 


Figure  3.12  Fustiest  view  «f  two-way  slabs  at  Station  3ft0.0j,  range 
1,330  feet,  looking  away  from  ground  zero,  stowing  evidence  of 
foundation  failure. 
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Figure  XI,  i*osttvst  side  view  «r  Beam  20-1.  Beam  is  standing  ost  vt*d 
t«»p  is  at  the  right.  Note  flexural  cracks  near  center  of  span. 
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: tgurc  3.1"  Pottles’,  title  view  of  Brut  Vt-i.  Note  flexural 
and  diagonal  tensile  cracks. 
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Figure  3.21  PoeUest  side  view  of  Beam  3C-5. 
Hate  flexural  end  dUftwe!  :er«lle  crack  patterns. 
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Figure  3.C„  PmMvM  side  view  of  Beast  44  -4.  Hole  flexural  cracking  war 
center.  Kim  but  died  net  distill  U*sil*  crack  is  sot  visible  in  piwtograpfc. 
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4.1  S1AUC  BEHAVIOR  OF  DEE P  ONE-WAY  SI-ABS 

4.1.1  Introduction.  As  indicated  in  Section  1.2.  the  design  of  reinforeed-concrete 
teams  and  one-way  slabs  is  based  on  empirical  data  obtained  from  tests  of  beams  of 
normal  proportions.  Very  few  static  tests  have  been  conducted  of  beams  with  span-to- 
depth  ra'ios  as  low  as  those  of  this  series.  Consequently,  relatively  little  is  known  about 
the  behavior  of  such  members  under  static,  much  less  dynamic,  loading  conditions.  Thus, 
before  taking  up  the  response  of  deep  members  to  dynamic  toads,  it  is  necessary  to  sum¬ 
marize  wlial  is  known  now  about  their  behavior  under  static  loads. 

A  thorough  review  of  the  literature  pertaining  to  the  behavior  of  deep  structural  me  ro¬ 
llers  subjected  to  sialic  loads  has  been  published  in  References  2  and  8.  The  results  of 
this  survey  can  be  summarized  best  by  quoting  from  Reference  9.  Figure  2.1  mentioned 
in  the  quotation  is  included  as  Figure  .  I  this  report. 

It  has  been  found  both  theoretically  and  experimentally  that  the  distributions 
of  normal  and  shearing  stresses  in  a  typical  very-deep  beam  depart  radically 
from  those  given  by  the  formulas  of  the  ordinary  theory  of  flexure  for  shallow 
members.  The  reason  for  the  difference  in  stress  distributions  lies  primarily 
in  the  fact  that  the  vertical  normal  stresses,  particularly  those  due  to  concen¬ 
trated  loads,  and  the  shearing  stresses  arc  much  larger  than  those  in  beams 
of  ordinary  depths  and  they  produce  a  major  effect  on  the  state  of  stress  and 
deformations  throughout  the  whole  beam. 

The  rapid  increase  of  load,  bearing  stresses,  and  shearing  stresses  with 
respect  to  flexural  stresses  as  the  depth  of  the  beam  is  increased  is  demon¬ 
strated  in  Figure  2.1.  in  which  are  shown  three  simpiy  supported  reinforced- 
concretc  beams  with  equal  spans  but  different  depths,  acted  upon  by  a  uniform 
load  of  such  magnitude  as  to  produce  constant  maximum  nominal  flexural  stress¬ 
es  assuming  a  fully  crackr  1  section  and  linear  distribution  of  horizontal  strains. 

The  beams  have  one  percent  tensile  reinforcement.  It  can  be  seen  that  the  load 
and  the  bearing  pressures  increase  in  proportion  to  the  square  of  the  depth,  and 
the  maximum  a”"rsgc  »h*»itf,"5  «tre*«  increases  in  direct  proportion  to  the  depth 
for  constant  steel  and  concrete  flexural  stresses,  which  in  this  care  are  taken  -.£ 
l6  40.CC"  psi  and  fc  2,400  psi. 

r.u  iheo.ftica!  solutions  considering  the  true  properties  {i. ". .  anisotropy,  non¬ 
homogeneity,  etc. )  of  reinforced-concrete  beams  have  ever  been  published,  the  simple 
considerations  in  the  previous  paragraph  do  predict  qualitatively  the  change  in  behavior 
that  takes  place  as  a  beam  of  a  given  spar,  is  increased  in  depth.  Most  obviously,  the  beam 
w;!l  support  a  greater  load  with  increasing  depth  before  failing  and  secondly,  the  mode  of 
failure  changes.  ~  -.sc  rvo  predictions  are  confirmed  by  test  data.  Further,  it  ir  well 
known  that  the  distribution  of  stresses  in  the  vicinity  of  a  concentrated  load  is  different 
from  the--  assumed  (and  computed)  from  the  ordinary  theory  of  flexure.  In  beams  of 
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nortRal  */  d  approxitnaiely  I*>  or  more  1  dimensions,  this  dt-panute  is  not  sigaif:-a.it. 
usually,  and  is  often  ignored.  This  is  justified  in  most  eases  by  St.  Vcwsis  principle 
However,  in  the  case  of  deep  members,  the  span-depth  relationship  and  the  size  of  the 
area  *»n  which  the  boundary  forces  act  are  such  that  this  departure  cannot  be  ignored. 

This  is  illustrated  in  Figure  4.2  which  shows  qualitatively  the  trajectories  of  the  prineiplt! 
stresses  'tension  and  compressioni  in  twx.  simpiy  supported  teams  ,*f  different  span-depth 
ratios. 

It  is  apparent  that  the  change  tn  the  directions  of  the  principal  stress  trajectories, 
occurring  as  the  member  becomes  deeper,  is  gradual.  Theoretical  solutions  indicate 
that  the  ordinary’theory  of  flexure  predicts  the  horizontal  normal  stresses  at  midspaR 
of  a  simpiv  supported,  uniformly  loaded  rectangular  beam  rcaso.uibly  Will  [o:  span-depth 
ratios  as  small  as  2.0.  This  is  also  predicted  roughly  by  St.  Venant  s  princip.e. 

From  a  consideration  of  the  changing  pattern  of  principal  stress  trajectories,  it  might 
be  expected  that  the  response  of  the  member  changes  from  that  of  a  beam  to  that  of  ait 
arch  as  the  span-depth  ratio  decreases.  This  predicted  change  in  behavior  has  been 
confirmed  by  experiment,  also. 

4.1.2  Recent  Tests.  There  have  been  two  important  series  of  tests  subjecting  pris¬ 
matic  beams  of  various  spun-depth  ratios  to  uniformly  distributed  loads  (References  2 
and  !>).  Other  tests  of  rcinforced-conerete  beams  under  uniformly  distributed  loads  in¬ 
clude  tests  of  l-beains  (References  10  and  lit.  which  are  not  strictly  comparable. 

In  Reference  9,  tests  of  18  prismatic,  simply  supported  beams  are  reported.  The 
loads  were  applied  by  10  i.yuuauitc  jacks  simulating  a  ur.ifoimly  distributed  load.  The 
span-depth  ratios  for  these  beams  varied  from  15-49  to  6.07.  As  stated  by  the  authors 
of  that  report,  the  general  purpose  of  the  investigation  was  to  explore  the  behavior  and 
strength  in  shear,  i.  e.  shear-compression,  of  simpiy  supported  beams  under  uniform 
ioad-  Ait  were  reinforced  in  tension  only,  without  web  reinforcement.  The  variables 
included  span,  steel  percentage,  and  concrete  strength.  The  objectives  of  the  tests  were 
divided  into  two  groups: 

1.  A  study  of  the  behavior,  up  to  failure  by:  (a)  observation  of  the  development  of 
cracks;  <b)  investigation  of  the  transition  between  shear  and  fl*  curat  failures:  and  <«*> 
derivation  of  rmpirica*  equations  for  shear  strength  of  such  members. 

2.  An  attempt  to  improve  insight  into  the  general  problem  of  shear  in  reinforced 
concrete  by:  {at  determining  from  the  measurement  of  strains  in  the  steel  the  influence 
of  diagonal-tension  cracking  on  the  distribution  of  stresses  in  the  reinforcement;  and  rt>; 
obtaining  some  indication  of  the  actual  strain  distribution  in  the  concrete,  above  and  below 
the  inain  diagonal -tc  sion  crack. 

The  results  of  these  tests  are  summarised  in  Table  4.1.  Note  that  a  definite  effort 
was  made  to  obtain  shear  failures.  This  was  accomplished  by  use  of  high-strength  steels 
tin  those  v.  ,!h  ! vv.  ztici  i  an.!  high  Pwl  pcrcei*!a^»'».  !«■•  nrxies  of 

failure  observed  wore  shear-compression  and  flexure,  there  were  r<o  diagonal -tension 
or  sb-ar-splitt;og  failures,  which  frequently  occur  in  beams  subjected  to  concentrated 
loads.  (See  Section  4.1.4  for  detailed  tiiscu'oion  of  modes  of  failure. ) 

It  is  believed  that  this  can  be  explained  adequately  for  shallower  beams  by  consider¬ 
ation  of  the  combined  stress  conditions  in  the  concrete  above  the  neutral  axis.  This 
matter  will  be  discussed  in  detail  later. 

Tasts  of  1 4  prismatic  beams  under  uniform  static  load  were  reported  in  Reference  2. 
The  vpa.r-  J  _tfc  ratios  «*f  these  members  ranged  from  7.2  to  1.0,  eoacrctc  strengths  fr-.m 
2.14  ks:  to  5.61  ksi,  and  the  steel  percentages  from  l.oo  to  2.2u. 
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As  slat-  cl  by  the  authors,  their  investigation  was  exploratory  in  nature  and  covered 
a  wide  range  of  variables.  No  single  phasi  of  the  piobicm  was  investigated  compre¬ 
hensively  and  few  definite  conclusions  were  drawn.  Howevi—  the  tests  do  gi  .  insight 
into  the  behavior  of  deep  beams. 

The  results  arc-  summarized  in  Table  1.2.  Of  the  total,  six  beams  fai'ed  in  bearing, 
seven  in  flexure,  and  one  failed  in  bearing  and  anchorage  (shear  splitting  ol  concrete  on 
a  horizontal  section  above  the  tension  steel  at  the  support). 

-t._J .3  Behavior  Utvier  Uniform  Load.  There  are  similarities  in  the  behavior  of  simple 
supported  beams  Subjected  to  uni  form  load  regardless  of  span-depth  mno.  The  develop 
meat  of  llexure  cracks  with  increasing  load  causes  the  usual  redistribution  of  stresses  . 
tension  being  transferred  from  the  concrete  to  the  steel.  These  flexural  cracks  start  as 
"ertical  cracks  at  the  bottom  of  the  beam  and  remain  vertical  near  midspan  as  they  ex¬ 
tend  upward  with  increasing  load.  However,  because  of  the  pattern  of  principal  stresses 
in  the  beam,  cracks  closer  to  the  support  start  to  bend  over  after  reaching  the  level  of 
the  reinforcement. 

The  vertical  cracks  near  midspan  develop  rapidly  at  first,  but  at  a  later  stage,  their 
progression  almost  stops  and  the  inclined  cracks  dev  ’.op  more  rapidly. 

As  noted  in  Reference  »  the  existence  of  inclined  cracks  changes  the  behavior  of  the 
beam  between  the  limits  of  the  crack  (Figure  4.3),  Between  the  point  at  which  the  inclined 
crack  crosses  the  reinforcement  and  'he  point  at  which  the  crack  crosses  the  neutral  axis 
of  the  beam,  the  stress  in  the  tension  steel  must  be  constant  as  may  be  seen  in  Figure  4.3c. 
Between  Sections  A  and  B,  the  member  is  behaving  as  a  tied  arch.  That  is,  because  there 
can  be  no  forces  acting  on  the  crack,  the  force  in  the  steel  (T)  at  Section  A  must  be  equal 
to  the  force  in  the  steel  at  Section  B.  These  stress  conditions  are  exactly  those  in  the 
tension  tie  of  a  tied  arch;  the  stress  in  the  tie  is  constant,  regardless  of  the  value  of  the 
applied  moment  at  the  section  at  which  moments  are  taken. 

After  the  crack  rises  above  the  neutral  axis,  between  Sections  B  and  C,  the  behavior 
of  the  member  is  a  composite  of  arch  and  beam  action.  The  stress  in  the  steel  increases 
with  distance  from  the  support  but  not  linearly  with  increasing  moment  -s  required  for 
purely  flexural  response.  The  increase  in  stress  in  the  steel  i3  duo  to  the  existence  ot  a 
compressive  force  in  the  concrete  below  the  crack.  The  existence  of  this  compressive 
force  has  been  established  experimentally  by  means  of  strain  gage  measurements  (Refer¬ 
ence  3).  Considering  the  equilibrium  of  the  portion  of  the  beam  bounded  by  the  inclined 
crack  and  section  C,  it  was  reasoned  in  Reference  9  that  some  force  must  act  to  countcr- 
balanct  the  moment  exerted  by  t.  e  compression  force  C2.  The  only  internal  force  that 
could  act  on  the  both'  to  resist  the  moment  Cad*  is  a  shear  force  in  the  reinforcing  steel, 
designated  by  V2.  I'  was  then  reasoned  that  a  vertical  fo  :e  is  now  required  to  balance 
V2  and  this  is  evidently  a  shear  force  r.cting  .townward  in  the  on^iUu  Lelo..  :.c!:  at 
Section  C,  Thus,  by  statics 

T,  --  C..  Tx  •-  and  V  -  V,  +  \: 

Further,  it  was  noted  that  if  there  is  a  limit  on  the  shear  V2  that  can  be  transferred  by 
dowel  action  from  the  steel  to  the  concrete,  a  limit  is  thus  placed  on  the  value  of  the  com¬ 
pression  force  C2.  This  accounts  for  the  fac!  that  the  compressive  strains  below  the. 
diagonal  tension  Jk  regained  practically  constant  after  the  development  of  the  crack 
(Reference  9). 

The  .tence  of  a  compressive  strain  below  the  inclined  crack  was  confirmed  inde- 
pervii.n’.’y  by  others  (Reference  12).  Several  reinforced  concrete  beams  were  tested 
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under  concentrated  loads  to  determine  the  validity  of  the  usual  assumptions  that  longi¬ 
tudinal  reinforcement  does  not  transmit  vertical  shear  across  an  inclined  crack  and  that 
the  maximum  compressive  strain  within  the  shear  span  (the  portion  of  the  beam  from  the 
support  to  the  applied  load)  is  developed  at  the  extreme  fiber,  in  Reference  12  it  was 
concluded  that  the  maximum  compressive  strains  in  the  concrete  occurred  some  distance 
below  the  extreme  fiber  fin  the  shear  span)  and  that  the  longitudinal  reinforcement  carried 
considerable  vertical  shear  across  the  crack  at  loads  less  than  the  ultimate. 

Beyond  the  end  of  the  crack,  at  Section  C,  the  stress  in  the  steel  is  proportional  to 
the  moment. 

However,  i*»r  members  deeper  than  ihose  reported  in  Reference  9,  the  inclined  cracks 
from  each  support  reach  almost  to  midspan,  white  the  slope  of  the  crack  is  stili  sleep. 

In  some  of  the  tests  reported  in  Reference  2  these  cracks  crossed  so  that  there  was  no 
portion  of  the  member  which  exhibited  beam  properties.  There  is,  probably,  no  portion 
of  the  very  deep  members  in  which  composite  beam-arch  action  occurs,  because  the 
neutral  axis  d'-es  not  exist  in  the  normal  sense  in  these  members.  The  only  section  at 
which  the  trajectories  of  principal  tensile  and  compressive  stresses  are  parallel  is  at 
tnidspan. 

In  shallower  members  under  uniformly  distributed  load  the  crack  rises  steeply  until 
it  penetrates  into  the  compression  zone  where  it  flattens,  progressing  toward  midspan  at 
a  decreasing  slope  until  it  stops  at  a  distance  of  approximately  1/ 3  from  the  supports 
(Reference  9).  This  behavior  may  be  explained  by  consideration  of  the  combined  stress 
conditions  in  the  concrete.  Noting  that  strain  measurements  in  the  steel  indicate  that  the 
redistribution  of  stress  in  the  steel,  caused  by  the  formation  of  the  crack,  is  limited  to 
the  portion  of  the  beam  between  the  ends  of  the  crack,  it  may  be  assumed  that  the  crack 
is  progressing  into  an  area  in  the  concrete  where  the  stress  distribution  is  unaffected  by 
the  existence  of  the  crack. 

If  the  extreme  fiber  stress  in  the  concrete  ahead  of  the  crack  is  less  than  approximately 
0.80  f*  ,  the  stress  block  may  be  assumed  to  be  triangu'ar.  This  is  certainly  justified 
for  high  strength  concrete  in  which  the  stress-strain  relationship  is  very  nearly  linear  up 
to  this  point.  With  this  assumption  it  is  pos.  it#ie  to  arrive  at  the  combined  stress  con¬ 
ditions  in  the  concrete  in  compression  as  a  function  of  the  height  :.bove  the  neutral 
and  distance  from  the  support  for  a  given  load  intensity,  as  shown  in  Appendix  A. 

The  distribution  of  both  shearing  stresses  and  vertical  normal  stresses  is  uniquely 
determined  by  the  horizontal  normal  stress  distribution.  For  a  simply  supported  beam 
subjected  to  uniformly  distributed  load  with  a  triangular  stress  block  in  the  compression 
zone,  the  variation  of  shearing  stresses  and  vertical  normal  stresses  with  depth  are  as  shown 
in  Figure  4.4.  Assuming  that  the  crack  is  formed  wherever  the  tensile  stress  (t)  exceeds 
some  limiting  value,  it  is  apparent  that  the  crack  will  stop  before  it  reaches  the  top  of  the 
beam.  As  it  rises  the  shear  stress  decreases  ana  the  principal  tensile  stress  approaches  0. 

If  a  diagonal-tension  latiure  is  ueu.ica  as  one  in  which  me  inclined  crack  progresses 
to  the  top  surface  of  the  beam,  resulting  in  a  very  sudden  failure,  it  may  be  concluded 
that  such  a  failure  cannot  occur  in  a  simply  supported  rectangular  beam  subjected  to  uni- 
*"-rHy  distributed  load.  Such  failures  may  oe  possible,  however,  in  continuous  beams 
and  frames  because  the  shear  stress  may  be  very  high  at  a  point  of  inflection  where  the 
horizontal  normal  stress  is  zero. 

4.1,4  iumm  iry  of  Resistance  Criteria.  In  view  of  the  precedirg  discussion,  and  Refer¬ 
ences  2  and  is  cuncluded  that  the  possible  modes  of  failure  oi  simply  supported,  pris¬ 
matic  members  subjected  to  uniformly  distributed  static  loads  are:  flexure,  shear¬ 
ed:-  ■  ession,  shear-anchorage,  bond,  and  bearing. 
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Flexure.  The  yield  and  ultimate  moments  of  such  members  witn  span-depth  rat  os 
from  1.94  to  15. 1'.'  may  be  predicted  reasonably  well  by  the  standard  expressions  sum¬ 
marized  in  Reference  2: 


fy  Asid 

(4.1) 

M 

u 

*.  A.d,1“k*V 

(4.2) 

Where: 


"y 

As 


yield- resisting  moment 

yield  stress  of  the  tensile  reinforcement 

area  of  the  tensile  reinforcement 

moment  arm  of  the  internal  resisting  couple  as  defined  by  the  clastic 
theory  of  reinforced  concrete  behavior 


Mu  -  ultimate  resisting  moment 

fs  -  stress  in  the  tensile  reinforcement  at  the  strain  corresponding  to  crush¬ 
ing  of  the  concrete  in  compression 

d  =  effective  depth  of  the  concrete 

k2  ■-  coefficient  expressing  the  location  of  the  resultant  compressive  force  as 
defined  by  the  ultimate  strength  theory  of  reinforced  concrete  behavior 

ku  -  coefficient  expressing  the  depth  of  the  compression  zone  in  the  concrete 
at  ultimate  moment  as  defined  by  the  ultimate  strength  theory 


None  of  the  members  with  span-depth  ratios  of  less  than  2.32  failed  in  flexure,  so 
the  applicability  of  the  expression  for  ultimate  moment  to  such  members  has 
confirmed.  On  the  average,  the  ultimate  moments  achieved  in  the  test  series  (Reference 
2)  were  somewhat  higher  than  those  computed  by  the  above  expression.  It  appears,  there¬ 
fore,  that  tne  expression  is  conservative  when  applied  to  deep  beams  but  accurate  enough 
to  be  useful. 

Shear-Compression.  A  shear-ccmpression  failure  is  defined  as  one  in  which 
the  concrete  above  the  diagonal  tension  crack  (and  generally  in  the  vicinity  of  the  end  of 
the  crack)  fails  before  failure  occurs  anywhere  else,  e.  g. ,  concrete  crushes  at  midspan 
in  flexure  or  at  the  support  <n  bearing.  Such  a  failure  is  generally  more  brittle  than  a 
flexural  failure.  The  conditions  foi  a  shear-compression  failure  were  stated  by  Refer¬ 
ence  9  as  follows:  (1 )  Diagonal  tension  cracks  must  develop.  This  is  a  requirement  for 
shear-compression  failure  but  does  not  constitute  failure  of  the  beam.  (2)  The  stresses 
induced  by  the  bending  moment  in  the  reduced  compression  area  above  one  of  the  diagonal 
tension  cracks  must  cause  failure  by  destruction  of  the  concrete  in  that  region. 

The  latter  statement  is  not  meant  to  imply  that  the  area  above  the  crack  alone  resists 
the  entire  compressive  component  of  the  bending  couple  (Figure  4.3).  However,  the 
existence  jf  the  «-;■ -ick  obviates  the  necessity  for  the  development  of  ti  e  ultimate  stress 
block  over  the  full  depth  of  the  compression  concrete. 

It  would  appear  then  that  further  conditions  might  be  placed  on  shear-enmpre  ..-don 
fr. s.  The  first  of  these  is  that  the  member  must  have  a  defined  neutral  axis.  This 
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implies  that  the  span-depth  ratio  must  be  greater  than  2.0.  As  previously  indicated  ii 
Figure  4.2,  the  trajectories  of  the  principal  tensile  ar.d  compressive  stresses  are  not 
parallel  members  with  span-depth  ratios  less  than  2.0.  Thus  the  crack  never  crosses 
a  defined  neutral  axis.  Accepting  the  empirical  determination  that  the  critical  section 
for  a  shear-compression  failure  is  at  1/3  (where  l  is  the  clear  span);  the  location  of  the 
critical  section  must  be  in  the  portion  of  the  beam  at  which  the  principal  tensile  and 
compressive  stresses  are  parallel.  This  implies  that  the  span-depth  ratio  must  be  equal 
to  or  greater  than  3. 

In  Reference  2  it  was  noted  that  inclined  cracks  formed  in  the  deep  members  at  loads 
of  about  35  to  55  percent  of  the  yield  load,  and  also,  that  using  the  expression  developed 
in  Reference  it,  the  shear-compression  strengths  of  the  beams  tested  were  all  greater 
than  the  theoretical  ultimate  flexural  strengths.  Reference  9  states:  “it  may  also  be 
noted  in  Table  5-9  that  the  maximum  midspan  moments  developed  in  beams  A-3,  A-3-1, 
A-4,  and  A-6  exceeded  the  theoretical  ultimate  midspan  moments,  M's,  for  shear- 
compression  failure.  There  is  not  enough  data  to  determine  whether  ar.  equation  of  the 
type  of  Equation  (5-3i  would  apply  to  deep  beams.  ” 

In  view  of  the  preceding  considerations,  it  might  be  concluded  t*>a»  shear-compression 
failures  as  defined  are  not  possible  in  members  with  span-depth  ratios  less  than  about 
3.0,  or,  if  possible,  are  hardiy  distinguishable  from  flexural  failu.es.  Further,  although 
its  applicability  is  in  question,  for  lack  of  a  better  expression,  the  expression  developed 
in  Reference  9  should  be  used  for  members  with  span-depth  ratios  of  3  or  greater.  This 
expression  is 

M's  -  1.52bd*Pc  k  )  (4.3) 

Shear-Anchorage.  A  shear-anchorage  failure  is  characterized  by  shear  splitting 
of  the  concrete  along  a  horizontal  plane  just  above  the  level  of  the  tensile  steel  over  the 
supports.  The  concrete  above  the  failure  surface  moves  laterally  away  from  midspan 
with  respect  to  the  concrete  below  the  failure  surfaces.  This  type  of  failure  appears  to 
be  a  direct  shear  failure. 

In  Reference  2  the  following  empirical  expression  was  developed  as  a  boundary  between 
safe  and  failure  regions  as  shown  in  Figure  4.5  (Figure  5-72  of  Reference 


0.25  ■»  (4,4) 

ft.  104 


Where:  vu  -  ultimate  average  shearjng  stress  on  the  failure  plane 

Fc  -  standard  cylinder  strength  of  the  concrete 

%a  “  averaKt  bearing  stress  at  the  failure  plane 

To  use  the  above  equation  it  is  necessary  to  compute  an  anchorage  shearing  stress. 
Assuming  that  yield  of  the  steel  is  defined  as  failure; 


fy  Ag 


(4.5i 


a  b  (c  *  0.5 d’> 

Where:  (ty  Ag)  the  total  tensile  force  in  the  steel 

b  (c  -  o.5d'  >  the  nominal  area  of  the  concrete  just  above  the  level  of  the  steel 


That  is,  c  -  supp  .rt  width  along  the  longitudinal  axis  of  the  member  and  d'  is  the 
distance  from  the  top  of  the  steel  to  the  bottom  of  the  beam.  This  formula  is  based  on 
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the  assumption  that  the  inclined  crack  starts  at  the  edge  of  the  support  ami  mis  a  rise  of 
twice  the  horizontal  run. 

The  value  thus  obtained  is  compared  with  the  value  for  vu  obtained  by  means  of  Equation 
4.4.  ii  it  is  greater  than  that  obtained  by  Equation  4.4.  the  member  will  fail  in  shear 
anchorage  before  the  tensiie  steel  yields. 

Bond.  None  of  the  members  reported  in  Reference  -  appeared  to  have  failed  in  b-md, 
although  the  average  bond  stresses,  ua»  at  failure  for  all  members  even  without  special 
anchorage  were  extraordinarily  high,  ranging  from  mil*  P  to  o.74Pc.  The  authors  of  that 
report  believe  that  this  may  Le  explained  by  two  factors:  high  compressive  :.tri  vacs  nor¬ 
mal  to  the  steel  in  the  vicinity  of  the  supports,  and  restraint  against  expansion  provided 
u)  the  bearing  plates* 

A  nominal  value  of  the  average  bond  stresses  at  the  anchorage  may  be  computed  as 
follows: 


Where:  fg  As  -  the  total  tensile  force  in  the  steel 

ro  =  the  total  perimeter  of  the  reinforcing  steel 

i  t-.  «h«.  length  of  embedment.  For  deep  beams  /  may  be  taken  as  approxi¬ 
mately  equal  te  e.  the  support  width. 

This  formula  may  be  used  in  a  -nner  similar  to  Equation  4.4,  assuming  some  limiting 
value  such  as 

uu  -  o.3o  rc 

However,  there  have  been  no  adequate  theoretical  or  empirical  investigations  upon 
which  to  base  an  anchorage  bond  criterion  for  deep  members. 

Bearing.  It  has  been  noted  (Reference  8)  that  bearing  failures  have  been  common 
in  tests  of  deep  reinforced  concrete  members.  The  results  of  previous  work  on  the  bear¬ 
ing  strength  of  such  members  is  summarized  in  Section  5.6.1  of  Reference  2  and  an  anal¬ 
ysis  of  additional  tests  is  presented  in  Paragraph  5.6.2  of  the  same  reference. 

Three  end  conditions  were  used  in  the  tests  of  Reference  2:  plain  ends;  ends  with  side 
plates  clamped  on  to  prevent  lateral  expansion;  and  ends  with  vertical  reinforcing  to  help 
carry  the  reaction.  The  results  of  the  tests  on  members  with  plain  ends  confirmed  re¬ 
sults  obtained  previously  in  Reference  13;  that  is,  bearing  failures  occurred  at  average 
bearing  stresses  of  0.84  to  1.0  Pc,  or,  about  0.91  Pc. 

However,  as  reported  in  Reference  2,  others  obtained  bearing  failures  with  lower 
average  bearing  stresses;  one  series  at  0,76  f*c  and  another  at  stresses  on  the  order  of 
om.—half  the  cylinder  strength.  The  'atter  were  explained  as  follows:  "Breton  suggests 
that  the  low  bearing  strength  developed  i.i  ms  Scams  was  due  to  the  arrangement  of  ti.e 
longitudinal  reinforcement  which  was  bent  sharply  at  both  ends  through  an  angle  of  90* 
and  extended  vertically  to  the  top.  ” 

That  explanation  may  be  perfeciiv  valid,  but  it  is  well  to  remember  that  unless  the 
supports  are  on  rockers,  the  flexural  deformation  of  the  members  will  result  in  stress 
concentrations  at  the  inside  edges  of  the  supports  which  might  well  reduce  the  average 
bearing  stress  required  for  failure.  In  the  tests  of  Project  3.6.  the  supports  were  not 
free  to  rotate  with  the  member. 

The  results  ot  the  tests  of  members  with  plates  clamped  on  the  sides  indicate  that  this 
restrain'  increased  the  bearing  capacity  by  about  4n  percent  to  1.28  Pt.  which  also,  is  in 
good  <:'_;reement  with  previous  test  results. 
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As  stated  in  Reference  2,  the  Portland  Cement  Association  iPCAi  manual  tile  erence 
1 4)  suggests  that  the  beat  ing  capacity  o{  a  deep  boa m  may  be  increased  by  the  use  of 
vertical  reinforcement  at  the  supports.  This  was  confirmed,  but  there  was  considerable 
scatter  in  the  data.  In  two  of  four  specimens,  the  introduction  of  vertical  reinforcement 
did  not  appear  to  raise  the  bearing  strength  at  all.  In  the  other  two,  the  verb  cal  steel 
had  an  appreciable  effect  on  the  bearing  capacity.  No  detailed  explanation  of  this  differ¬ 
ence  in  behavior  was  offered. 

Increases  in  bearing  capacities  of  approximately  50  percent  were  obtained  by  means 
of  cagelike  local  reinforcement  to  restrain  the  transverse  expansion  of  the  concrete 
(Reference  15'.  Further,  the  bearing  capacities  of  wide  beams  or  one-way  slabs  should 
be  appreciably  greater  titan  those  of  narrow  members  because  of  the  iaierai  restraint 
provided  by  the  concrete  itself. 

in  view  of  these  considerations  conservative  values  for  the  average  bearing  failure 
stresses  under  static  load  may  be  defined  as 

Plain  ends  f^  0.70  f*t. 

Clamped  ends  f^  1.06  P  (4.7) 

Cage  reinforce!  f^  1.11  f'c 

-4.1-5  Yield  Load-Deflection  Relationship.  The  defl-jetion  of  a  shallow  beam  under 
uniformly  distributed  load  at  initial  yielding  of  the  reinforcing  steel  may  be  predicted 
reasonably  well  by  the  expression  (Reference  2) 

.  5  *y  i 

°y  ‘  48  (I  -  k)  d  (4-8) 

Where:  6y  -  the  deflection  at  midspan 

€y  -  strain  at  which  the  reinforcing  steel  yields 
k  =  ^  2pn  +  phJ  —  pn 
d  =  the  effective  depth  of  the  member 

Equation  4.8  is  based  on  the  following  assumptions  (Reference  2):  (l)  the  variation  of 
curvature  along  the  length  of  the  beam  is  parabolic;  (2)  the  concrete  is  assumed  to  be 
elastic  but  unable  to  resist  tension;  (3)  the  maximum  curvature  (at  midspan)  is  assumed 
to  be  equal  to  the  initial  steel  yield  strain  divided  by  .he  distance  from  the  centroid  of 
the  steel  area  to  the  neutral  axis,  as  in  the  ordinary  theory  of  flexure;  and  (4)  shear 
distortions  and  vertical  deformations  are  neglected  (i.e. ,  a  plane  section  before  bending 
is  a  plane  section  after  bending). 

When  the  problem  of  prrdi"t!n0  *.kc  deflections  of  a  deep  memhor  i»  *wo 

basic  defects  in  (lie  ordinary  method  of  computation  of  beam  deflection  become  Apparent. 
First,  in  a  beam  of  homogeneous  material,  as  the  span-depth  ratio  decreases,  the  effects 
nf  vertical  ar.  I  shearing  stresses  on  def''r"*nion  cease  to  Nr  "-’Eligible.  Second,  o 
reinforced-conercle  beam  is  far  from  homogeneous;  therefore,  serious  difficulties  arise 
in  selecting  appropriate  values  for  properties  of  the  section  (such  as  moment  of  inertia 
and  area  effective  in  resisting  shear)  to  use  in  equations  for  deflections.  Thus,  even  if 
consideration  is  given  to  deformation  produced  by  shear  stresses  and  vertical  stresses, 
equations  r  the  deflection  so  developed  are  of  doubtful  reliability. 

Fortunately,  at  the  time  of  preparation  oi  this  report,  the  first  extensive  scries  of 
la'-i-.itory  tests  of  deep  reinforced-concrete  members  was  under  way  at  the  University 


59 

SECRET 


of  Illinois  'Reference  2).  The  load-deflection  measurements  made  in  this  work  provide’ 
an  opportunity  to  evaluate  existing  deflection  equations,  and  to  develop  expressions 
which  would  predict  the  observed  results. 

The  deflections  at  yield  of  the  beams  in  the  C  and  D  series  tested  as  described  in 
Reference  2  were  compared  with  the  deflections  computed  for  these  beams  under  the 
same  load  using  ordinary  flexural  theory-.  The  assumptions  made  in  the  computations 
are  indicated  in  Figure  4.6  and  the  results  of  the  comparison,  arc  tabulated  in  Tabic  4.3. 
It  is  evident  that  this  method  of  computation  is  considerably  in  error  except  tor  ti..". 
shallowest  beam  with  l/d  6.  For  the  deeper  members  actual  deflection  can  be  as 
much  as  twice  that  calculated  by  flexural  theory. 

A  study  of  the  steel  strains  measured  in  the  laboratory  tests  of  the  deep  beams  in¬ 
dicated  that  the  beams  responded  as  tied  arches,  even  fo.  loads  well  below  yield  Arch 
action  is  indicated  when  the  distribution  of  steel  strain  is  more  nearly  uniform  than 
parabolic.  As  a  result  of  these  observations,  a  semirational  expression  was  developed 
based  on  arch-type  response  (Figure  4.'/).  The  tc-st  results  were  used  to  evaluate  vari¬ 
ous  constants  in  the  expression.  The  equation  which  expresses  center  deflection  at  the 
top  of  the  member  is; 


Where: 


Mc  i 

°C  '  »A",E,o  V 
«»c  -  center  deflection  in  inches 
fclc  =  moment  at  the  center,  inch-pounds 
Ag  =  area  of  the  tensile  steel,  inches 
E3  -  modulus  of  elasticity  of  tensile  steel,  Jb/’in 
a  -  a  constant  proportion  of  the  depth 
’  -pan  of  the  member,  inches 
d  =  depth  of  the  member,  itches 


<4.9: 


The  derivation  of  Equation  4.9  does  not  take  into  a..-.  >•  ration  the  deflection  due  to 

compressive  deformation  caused  by  vertical  stresses  in  the  concrc  c  between  the  supports 
and  the  center  of  the  member  at  the  top;  that  is,  the  compressive  deformation  rib 
of  the  arch.  However,  as  shown  subsequently,  this  deformation  is  accounted  for  empir¬ 
ically  in  tne  determination  of  the  value  of  the  constant  a. 

An  expression  for  a  was  developed  consistent  with  the  properties  of  the  memoers  and 
the  measured  load-deflection  history.  It  appears  to  be  a  function  of  tl,e  span-depth  ratio 
and  the  steel  percentage,  primarily.  There  was  no  discernible  effect  of  concrete  strength 
over  a  range  of  strength:  from  2,300  to  6/iOe  psi-  The  resulting  expression  for  u  ic: 


a 


-•o.o;  fl/d)1  ■*  0.22  f/d+  0-17 


(4.1(1) 


Where:  4>  percentage  of  tensile  steel  reinforcement 
/  =  effective  span  of  member,  inches 
d  ■  effe-  ;..e  uePih  of  member,  Inches 

A  coir.pirison  ol  measure!  deflections  with  those  computed  using  Equation  4.9  is 
shown  fable  4.4,  Relatively  good  agreement  is  obtained  for  a  wide  range  of  span-depth 
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ratios  and  steel  percentages.  Two  uf  t1  •  beams  tabulated  had  compressive  rein  orce- 
i:\ent  and  the  expression  aj  •••:;; »  '•»  hold  for  them  as  well. 

A  number  of  ti  nts  of  deep  members  were  conducted  unsier  Series  A  ami  l>  described 
in  Reference  2.  The  actual  deflections  of  these  members  cannot  be  checked  aga  nsi 
•lcllcctious  comiKited  b\  l.quation  I. ;*  iu-causi  the  deflections  were  mcasurtd  with 
respect  to  a  def!  -ctuig  datum.  However,  though  difficult  to  interpret,  these 
utiasureil  deflections  gate  no  indication  that  the  equations  presented  above  were  iess 
applicable  to  these  im-inln-rs  than  thev  were  to  those  ol  Serif*  C  and  l>- 


■1.1.0  Liti*na-.e  Loaf-Deflection  Relationship  in  Flexure.  Expressions  lor  ultimate 
deflection  were  developed  by  setting  up  rational  expressions  for  the  deflection,  consider¬ 
ing  the  beams  to  respond  as  tied  arches,  and  using  the  test  data  obtained  in  Reference  _ 
to  evaluate  the  constants  in  the  expressions. 

The  yield  deflection  tbyi  is  considered  to  consist  of  two  components,  the  deflection 
due  to  deformation  in  the  concrete  (bcv).  and  the  deflection  due  to  deformation  in  the 
tensile  steel  !osy). 

°y  “cy  *  6sy 

The  uitimatr  deflection  loy )  deflection  at  maximum  resisting  moment)  is  also  con¬ 
sidered  to  (-insist  of  two  such  components. 


bu  OcU  *  ^SU 

The  test  data  indicate  that  the  deflections  after  yield  2re  largely  due  to  deformations 
in  the  yielding  tensile  steel  so  the  term  bcu  is  considered  to  be  equal  to  6  .  Thus,  the 
ratio  between  the  ultimate  deflection  and  the  yield  deflection  can  be  approximated  as 


°9U  »  %r__  l  °sy 
6ay  ^cy  *  °sy 


If  the  deflection  due  to  steel  deformation  is  expressed  as  j  <  s  ,  when  <g  is  the  steel 
strain  at  midspan,  the  expression  for  6,,/oy  becomes 

6u  &  <€su  “  csv^ 

1  +  (4.11) 

ov, 

by  '•an  be  determined  from  the  Equation  4.9.  In  terms  of  the  ded-arch  mode!  shown  in 
Figure  4.7,  it  will  be  noted  that  d  can  be  expressed  as 

a  \i  <4.12) 


where  a  expresses  the  effect  of  the  distribution  of  steel  strains  along  the  span  and  the 
en.  "Uve  height  coefficient  ar  of  the  tied-arch  model.  The  test  data  Indicating  the  effect 
■r  ■.*.  ,»!  ..  ''icniatiur.  on  rente**  deflection  wdi  studied,  and  ii  wa»  ueicrinincd  that  a  had 
an  average  value  of  0.8  with  no  regular  variation  apparent  with  either  Z/d  or  0.  Thus, 
the  value  for  d  becomes: 


■i 


(4.13) 


The  resulting  expression  for  ultimate  deflection  is  then: 


«1 

SECRET 


0. 


/- 


(l 
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f4.l-.li 

The-  value  of  i  ... 


~y  .J  su  sy’ 

The  value  of  tsv  is  known  from  the  properties  of  the  reinforcing  steel.  . .... 
is  less  weli  defined  but,  if  a  calculation  is  made  for  the  ultimate  moment  resistance  of 
the  member,  a  value  of  <  su  consistent  with  the  assumptions  made  for  ultimate  concrete 
strain  and  the  cliaracter  of  the  ultimate  concrete  stress  block  can  be  readily  determined. 


Where:  cu  -  the  ultimate  concrete  strain 

d  the  effective  depth  of  the  beam 
a  the  depth  of  the  concrete  stress  block 

The  determination  of  ou  with  the  ahove  equations  requires  a  relatively  complete 
knowledge  of  the  properties  of  the  reinforcing  steel,  just  as  does  the  determination  of 
ultimate  moment  resistance.  If  a  more  hasty  analysis  is  desired,  the  expression  for 
ductility  factor  given  in  Reference  l  gives  relatively  good  results. 


u  10 

— —  but  less  than  20  M.IGi 

Table  4.5  compares  the  measure''  Rotors  6K/ty  (Reference  3)  with  the  corresponding 
ratios  computed  from  Imuation  4.11  and  4.16.  The  method  of  loading  used  in  the  tests 
described  in  Reference  2  confined  the  concrete  in  the  compression  zones  of  the  beams  so 
that  ultimate  concrete  strains  far  in  excess  of  the  accepted  average  0.004  in/in  were 
measured  before  failure.  Thus  the  factors  6u/6„  are  computed  for  *u  of  0.008  in  the 
concrete,  a  value  recommended  by  the  test  personnel,  as  well  as  for  the  more  usual 
0.004.  It  is  unlikely  that  a  strain  of  o.OOS  is  safe  to  use  for  airblast  or  earth-pressure 
loadings,  but  dynamic  effects  may  permit  a  value  higher  than  0.004.  It  must  be  cautioned 
that  these  relationships  apply  to  flexural  mode  failures  alone  and  will  be  unsafe  if  the 
member  fails  in  another  mode  at  a  value  of  resisting  moment  lower  than  that  for 
failure. 


4. 1.7  Effects  of  Axial  Loads.  In  the  laboratory,  considerable  effort  is  expended  to 
eliminate  unwanted  variables.  One  uf  these  is  friction  at  the  supports  of  a  simply- 
supported  bean:.  However,  this  was  not  practicable  in  the  field  test  of  the  slabs  tested 
under  this  project. 

Brief  consideration  of  the  behavior  of  deep  reinforced-concrete  members  will  indicate 
that  there  is  a  tendency  toward  outward  translational  motion  of  the  member  at  the  supports. 
This  tendency  :s  obviour  if  the  memeer  is  considered  to  behave  as  a  tied  arch.  That  is. 
there  must  be  an  outward  lateral  motion  at  the  supports  for  stress  to  develop  in  the  tension 
tie.  This  stress  can  be  shown  to  exist  if  it  is  assumed  that  the  member  is  responding 
in  jsive  tiexurc,  so  long  as  the  elastic  neutral  axis  is  above  the  geometric  centroid  of  the 
concrete. 

In  addition,  the  slabs  tested  under  this  project  were  set  flush  with  the  surface  of  the 
gruund  so  that  the  soil  (sand)  came  into  contact  with  the  ends  of  the  slabs.  As  the  shock 
wave  passed  over  t:  *  target  area  it  loaded  the  soil  surrounding  the  structures  as  well  as 
the  structures  themselves.  These  pressures,  undoubtedly,  were  transmuted  through  tuc 
soil  loading  the  test  members  axially. 
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Thus,  the  slabs  of  Project  3.«  experienced  loading  similar  to  that  indicated  in  Figure 
•1.8,  where  the  supports  are  represented  aa  concentrated  loads.  Consideration  will  I*.- 
given  to  the  effect  of  finite  support  dimensions  later. 

The  exact  nature  of  the  lateral  pressure  exerted  as  a  function  of  depth  in  the  soil  is  not 
known.  The  load  distribution  shown  in  Figure  4.8  is  only  an  assumed  distribution  which 
is  based  on  the  following  reasoning.  The  soil  adjacent  to  the  ends  of  the  slab  is  righly 
compressible  relative  to  the  slab  and  its  supports,  and  it  is  envisioned  that  there  was  a 
relative  motion  of  the  soil  down  with  respect  to  the  end  of  the  slab,  permitting  the  over¬ 
pressure  to  art  against  the  end  of  the  slab  at  the  top.  This,  of  course,  would  result  in 
relatively  higher  pressure  acting  against  the  end  of  the  slab  on  ii>e  side  toward  ground 
/.ero  and  relatively  iess  on  the  side  away  from  ground  zero  due  to  reflections  in  the  one 
case  and  vortices  in  the  other-  However,  because  the  depth  of  the  slab  exposed  by  this 
motion  is  not  great  these  differences  have  been  ignored. 

In  previous  DOD  tests  it  has  been  established  that,  for  depths  of  cover  up  to  about  10 
feet  in  most  soils,  there  is  some  attenuation  of  vertical  pressure  with  depth  for  long- 
duration  pulses  (Reference  15).  Because  the  depths  of  interest  here  are  iess  than  10  feet 
and  because  the  lateral  pressure  developed  by  the  weight  of  the  soil  is  insignificant  com¬ 
pared  to  the  overpressure,  it  i«*s  been  assumed  that  the  lateral  earth  pressure  at  the  depth 
of  the  foundation  is  a  constant  function  of  the  instantaneous  value  of  the  ovurprs»*ur e  at 
the  surface  of  the  ground,  fn  previous  tests,  the  latera'  earth  |».».s.  ures  at  such  depths 
were  found  to  be  as  low  as  15  percept  of  the  surface  pressure  in  r,  well -compacted, 
silty  soils  and  as  high  as  l«o  percent  for  porous,  well-saturated  soils.  For  purposes  of 
computation  later  in  this  report,  :i  will  be  assumed  that  the  value  of  the  lateral  pressure 
acting  a;  the  depth  of  the  footings  is  35  percent  cf  the  surface  pressure. 

The  manner  in  which  the  iateral  pressure  varies  with  depth  from  a  value  equal  to  the 
side-on  overpressure  at  the  top  of  the  slab  to  35  percent  of  that  value  at  the  bottom  of  the 
slab  is  unknown-  A  linear  variation  with  depth  has  been  assumed. 

Flexure.  In  practice,  the  effect  of  combined  bending  and  axial  loads,  whether  con¬ 
centric  or  eccentric,  on  the  flexural  strength  of  reinforced  concrete  members  is  best 
determined  by  means  of  an  interaction  diagram.  Such  a  diagram.  Figure  4.**(*»  fo* 
elastic,  homogeneous,  isotropic  materia!  is  based  on  the  equation  of  superposition: 


f 


P 

A 


(4.17) 


Where:  f 
P 
A 


the  stress  in  the  extreme  fiber 
the  value  of  the  axial  load 
the  area  of  the  member 


Pc  mstiiuill  O*  mi:  t v*,i  ,  c-  IIS  -lUiytcu 

Z  the  section  modulus  at  that  section 

If  the  axial  load  i*  concentric  and  there  ai  e  no  other  moment -producing  loads  applied 
to  the  member: 


Po  A  f 

Conversely,  ,f  there  is  no  axial  load  applied: 
m<*  /,  f 
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Dividing  Filiation  4.17  bv 
.  P  M 

‘  P  ’  M.  , 


Thus,  the  interaction  diagram  for  a  mamber  of  an  ideal  material  is  „  'itrttight  i;nt. 
Notice  that,  as  shown,  the  diagram  is  dimensionless. 

If  the  material  were  anisotropic,  such  that  its  strength  in  tension  were  half  ;ts  sire  igth 
in  compression,  the  interaction  diagram  would  he  as  shown  in  Figure  -i.iobi.  iw-  Refer¬ 
ence  16  for  further  discussion. 

Two  interaction  expressions  for  the  flexural  capacities  of  under-rciaforced  concrete 
members  subjected  to  axial  load  and  bending  were  developed  ir.  Reference  1 7.  Trial  for 
yield  moment  is  only  approximate  and  is  conservative  as  indicated  in  figure  4.le.  The 
theoietical  interaction  line  for  yield  morrent,  shown  as  -  dashed  lino,  intersects  the  iinc 
for  ultimate  moment  at  the  balance  point.  The  expression  for  ultimate  moment  capacity 
is  exact  if  tne  values  of  the  constants  kJ;  k?,  kj.  and  ku  arc  known  exactly  for  a  giver, 
section.  These  expressions  are: 

For  yield  moment. 


M, 
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Far  ultimate  moment 
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Where:  kl,  -  ultimate  flexural  resisting  capacity 

My  flexural  yield  capacity 

Mq  ultimate  flekufal  C  .parity  with  no  axial  load 

Mv  -  fiexurai  yinid  capacity  with  no  axial  load 
■  o 

N  -  axial  itx>'? 
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compressive  strength  of  the  concrete 
yield-point  stress  .f  tensile  reinforcement 
width  of  section 


effective  depth  of  tensiie  reinforcement 

d.’*ta,,cc  fr-'v.  !h  nf  ••»**  in  the  n>nimi(t  »>f  the  tensile  steel 

ratio  ot  at  ea  of  the  concrete  stress  block  to  area  of  the  enclosing  rectangle 

fraction  of  depth  of  the  compressive  zone  to  the  r«j#u!,mt  of  the  compres¬ 
sive  forces  in  the  concrete 

ratio  of  maximum  compressive  stress  in  the  concrete  to  the  cylinder 
strength  Tc 

■■  '  :•?  of  depth  of  com  pi  ession  zone  to  effective  depth 
reinforcing  index 
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Tvpival  inlfnu'ti.i'i  diagrams  U>r  members  tested  under  Protect  3.*;  ate  shown  m  F.^jrt 
l.i  I.  s-nv  that  these  diagrams  art.  not  dimenssooiess.  and  that  the  increase  in  nmtnent- 
ivmsting  capacity  with  increasing  axial  k»ad  is  very  large  for  the  deeper  member  whiei 
has  a  relatively  in*  |ierecntage  of  reinforcing  steel. 

For  these  two  diagrams  the  eumpf.'SSi.T  failure  line  from  l*  to  »*|  was  assurred  to  be 
a  straight  line  because  the  flexural  failure  line  Irorr.  to  M„  is  •»:  primary  interest-  In 
fact,  the  compression  failure  i;ne  would  ir  slight K  convex  upward.  Both  were  prepared 
taxing  moments  at  the  geometric  centroio  of  the  concrete,  using  stipe  'uiu»-.-  for  the 
strengths  of  the  material. 

Shea  r«Coinpre*»f  on-  Heiaiively  little  is  known  .“.bout  th.  I'Wnt  <>f  ->»•-»!  1  -a-ls  "5 
the  shear-compression  strength  of  reinforced-concrcte  beams  even  under  static  loading. 

*n  Heference  IT.  testa  ■-•f  20  simply  supported  beams  under  a  single  concentrated  oad  an 
reported,  10  without  axial  load  and  Jr»  with  an  axial  loud.  Those  beams  tested  with  axial 
loads  were  identical  to  those  without,  except  for  miner  variations  in  concrete  strength. 

The  variables  were  span  length  and  steel  percentage  '-only  two  were  used,  o.fijon  and 
0.0333i.  The  span  lengths  ranged  from  52  to  132  inches.  It  was  noted  that  the  axial  had 
increas-il  *he  shear- compression  strength  more  than  the  diagonal-tension  strength.  The 
increase  in  strength  was  large**  for  shorter  beams  than  for  longer  ones. 

Tests  of  24  fi  ante  members  under  combined  uniform  lateral  hods  and  axial  load*  are 
reported  in  Reference  IS.  The  variables  were  span  length,  depth,  steel  percentage,  and 
concrete  .-ti  ergth-  These  tests  were  a  continuation  of  a  long-range  program  to  determine 
the  effect  of  an  axiai  load  or.  *N  ngth  is  shear  of  reinforced  -  concrete  members. 
Reference  is  states  that  an  attempt  was  made  to  interpret  the  results  of  these  and  previous 
tests  by  means  of  a  semi  rational  approach  using  principal  stress  theories  hut  that,  owing 
to  the  complexity  of  the  problem  and  the  inherent  uncertainties  involved,  an  empirical 
approach  was  used  instead,  ft  was  recognized  that  the  empirical  approach  has  the  dis¬ 
advantage  that  the  derived  expressions  may  not  be  applicable  for  values  of  variables  out¬ 
side  of  the  range  of  those  from  which  the  expressions  were  derived. 

Further,  it  was  decided  to  use  the  cracking  load  as  a  measure  of  the  useful  capacity 
of  a  given  member-  Several  reasons  were  given  for  this  decision  'Reference  jT »: 

1.  Many  of  the  members  tested,  especially  those  having  the  larger  aponn.  tailed  at 
the  cracking  load  -.defined  as  the  load  at  which  trclined  cracks  arc  fonnedi. 

2.  Although  some  members  were  able  to  carry  appreciable  loads  beyond  the  cracking 
load,  it  was  not  possible  to  develop  reliable  methods  of  predicting  this  additional  capacity. 

3.  In  all  cases,  the  degree  of  damage  to  the  member,  as  judged  by  its  appearance 
and  the  nature  and  width  of  She  inclined  cracks,  was  considerable  when  the  cracking  load 
was  reached,  even  though  additional  capacity  might  be  available. 

4.  The  use  of  ultimate  rather  than  cracking  'oad  would  require  the  use  of  different 
expressions  for  shear  caiscftr  for  -^-irbr-re  fading  in  5*>**-»**  rompr-ssi •*-  *r.i 
tension. 

As  previously  n-ted.  deeper  members  subjected  to  uniformly  distributed  loads  have 
considerable  capacity  beyond  the  cracking  i«  d.  and  do  rr>:  fail  it  d'agvta!  tension.  Thus 
un  use  of  the  expressions  derived  would  be  very  conservative  when  applied  to  the  slabs 
tested  ir,  Project  3-1.  Farther,  while  the  third  and  fourth  reasons  above  are  logical  when 
applied  to  the  conventional  structures  lor  which  they  were  developed,  the  amount  of  dam¬ 
age  acceptable  in  protective  construction  might  be  considerably  greater  than  that  consider¬ 
ed  acceptable  normal  structures.  t.’nder  Ihesc  c.rcu  instances  *.h*-  development  of  :■ 
specific  expression  for  the  shear  compression  strength  of  a  deep  member  ^objected  t<* 
axial  1-ail  wnulu  be  highly  desirable. 
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in  any  event.  the  expressions  derived  :n  lick-rence  !  ■>  for  She  cracking  ar*. 

jsi  ful  and  are  given  below. 

F-n‘  members  under  uniform  ’mad: 


bX 


e 

bd 


1 1 ,0»:i 


iii.Ot';  *  -y/iom  12  *  K.X^i  j 


il'j  -  i*  d) 


For  members  under  concentrated  ioad: 

8Xc  m.u-jr,  •  ton  1  a 2  *  N  V,.  t 

■*c  1 1  ."on  -c 


:ixi 


<2'i 


4.7  a  d) 


M  d.Oon 
f’c 

4.11*111 


*4.21 1 


■  4.22S 


Where:  vc  ‘he  nominal  unit  shearing  stress  computed  at  the  supports  for  simply 
supported  members  and  at  the  point  of  conlra  flexure  for  framed 
members 


b 

d 


value  of  the  reaction  at  the  cracking  ioad 
width  of  the  beam 
effective  depth  of  the  beam 


v  ‘  percentage  of  tens!!;  reinforcement 
X  =■  axial  lead 
a  shear  span 


Equations  4.21  and  4.22  hold  for  a  considerable  range  of  values  of  the  variables: 
concrete  strengths  from  2.300  to  6.GG0  psi;  steel  ratios  from  0.67  to  3.36;  ratios  of 
simply  supported  span  length  to  effective  depth  from  3.2  to  13.5  (in  Equation  4.21);  and 
ratios  of  shear  span  to  effective  depth  of  2.0  to  6.0  fin  Equation  4.22k 

In  summary,  the  existence  of  an  axial  load  increases  the  shear-compression  strength 
of  deep  members  of  reinforced  concrete.  This  increase  is  probably  due  to  the  lowering 
of  the  neutral  axis  and  consequently  the  towering  of  the  ultimate  height  of  the  inclined 
crack.  However,  no  definitive  expression  for  this  increase  in  strength  has  been 
developed. 

Expressions  have  been  developed  for  the  cracking  load  which  are  useful  primarily 
because  the  existence  of  an  inclined  crack  is  required  for  both  shear-compression  and 
shear-anchorage  failures. 

Snear- Anchorage.  The  ,-ffect  of  the  lateral  pressure  transmitted  through  the 
soil  o-.i  the  shear-anchorage  strength  of  a  deep  member  may  be  evaluated  roughly  from 
Figure  4.12(a).  Taking  the  sum  of  the  horizontal  forces  or.  either  free  body  formed  by 
a  failure  plane  just  above  the  level  of  the  reinforcing  steel,  the  average  shearing  stress 
on  !iic  failure  plane  may  be  computed  to  be 

C-i* _  _  1  _  . 

a  b(c  *  0.3d*  >  b<c  -  0.5d*  1 

This  expression  j«s  essentially  the  same  as  Enuation  4.5.  Thus,  because  the  vertical 
•<xtd  required  to  produce  a  given  stress  in  the  steel  is  increased  by  the  axial  load,  the 
vertical  ioad  required  to  produce  a  shear-anchorage  failure  would  be  increased 
accordingly. 

From  Figure  4.121b),  the  effect  of  friction  at  the  supports  or.  the  shear -anchorage 
strength  of  a  *4r-  -  member  would  appear  to  be  negligible.  Taking  the  sum  of  the  hori¬ 
zontal  forces  on  the  free  body  above  the  failure  plane  it  is  apparent  that  the  value  of  the 
averay*.  shearing  stress  or»  the  section  is  determined  by  the  value  of  the  compressive 
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force  C.  The  value  >f  this  force  produced  by  the  vertical!)  applied  loads  is  oils'.-  slighth 
reduced  bv  the  existence  «»f  the  fWction  force  due  to  •-  --  !ij;ht  increase  in  the  !evr-r  ,irtr.  «»l 
the  internal  resisting  couple  ti- e. .  the  centroid  of  the  two  forces  T  and  cjV  is  !*t-iow  '!  >. 

This  approach  is  obviously  oversimplified  in  that  r«  consideration  was  given  to  the 
effect  of  the  axial  toads  on  the  cracking  strength  of  the  member  «»r  to  the  effect  of  the 
axiai  loads  on  the  location  of  the  crack.  Equations  4.21  and  4.22  may  be  used,  as  appro¬ 
priate.  to  determine  whether  inclined  cracks  would  have  formed  at  some  critical  moment 
such  as  the  yield  moment-  If  so,  then  the  member  may  be  analyzed  for  shear- 
anchorage  strength  as  previously  itidicated. 

Bond.  From  consideration  of  Equation  4.G  attd  the  basic  phenomenon  of  bot.d  it 
wouid  appear  that  the  eltect  of  axial  loads  on  the  bond  strength  of  a  member  is  directly 
related  to  Ute  total  value  of  the  axial  load.  Whether  the  member  is  considered  a  beam  or 
a  tied  arch  the  expression  T  C  -  P  -  Cj-V  is  applicable.  Thus  the  total  force  in  the 
steel  (T)  is  reduced  by  the  existence  of  axial  loads  increasing  the  vert'r-d  load  required 
to  produce  bond  failure  proportionally. 

Bearing.  From  statics,  the  existence  of  axial  loads  would  appear  to  have  no  effect 
on  the  bearing  strength  of  the  member.  That  is,  the  nominal  unit  compressive  stress  in 
the  concrete  below  the  reinforcing  steel  >s  unaffected  by  fhi-  existence  of  an  axial  load. 
However,  the  lateral  pressure  would  serve  to  confine  the  concrete  at  the  support  in  that 
direction  and  might  raise  the  bearing  strength  of  the  member  thereby-  Most  bearing 
failures  in  static  tests  consist  of  a  spalling  or  shearing  off  of  the  corner  of  the  member 
at  the  support.  The  failure  |*  roughly  diagonal  and  does  not  intersect  the  tension 
steel.  The  exact  contribution  of  the  c-  ■’dining  pressure  cansot  be  determined  from  the 
data  available  from  this  test  program  but  may  be  consideraolc  {Reference  19). 

4.1,8  Effect  of  Finite  Support  Dimensions.  Normally.  xTen  computing  the  moment 
at  a  section  in  a  simply  supported  member,  the  supports  ary  assumed  to  be  point  supports, 
in  a  laboratory  the  supports  are  designed  so  that  this  assumption  is  valid.  That  is.  the 
bearing  plates  are  supported  on  rockers  or  rollers  and  the  elective  span  is  the  distance 
between  the  lines  of  xmtact  between  the  bearing  plates  and  the  rockers  or  rollers. 

In  actual  structures,  the  effective  span  of  a  simply  supported  member  '-  - .wmiu 

to  be  the  clear  span-  However,  this  assumption  is  not  strictly  correct.  Ignoring  the 
effect  of  the  deflections  on  the  distribution  of  stresses  at  the  supports,  the  effect  of  the 
finite  support  dimension  on  the  moment  at  any  section  may  be  determined  by  consider¬ 
ation  of  Figure  4-13.  Taking  moments  at  midspan,  the  moment  at  the  center  neglecting 
lilt  support  dimension  Is: 

*•  I*!' 

The  correction  due  to  the  dimension  ti  i he  support  is: 


Thus  the  total  moment  at  the  center  is: 

“c  ps(v  '  V)  5  *  '<=  ■  2cil 

However,  >(  an  effective  span  of  f  -  l  *  c  is  assumed:* 

M  -  pb  t/'i2  7  pb  t/2  *  2cf  ■*  c2  ) 

C  8  8 
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if  it  is  assumed  that  the  distribution  of  bear  ins  stress  is  uniform,  the  error  1:1  .\I 
using  Equation  4.24  is: 


PWC  10  '  .0 


Error  -  100 


V  l<>  100  lo  / 

2F 


u.8  percent 


10 


Whereas  for  the  sanie  assumptions  the  error  involved  in  using  the  clear  span  is: 

<■  -  (<!  •  ?:) 

-  -  -lfi.7  percent 


Error  ion 


*  „  a/_ * 

10 


The  error  involved  in  using  the  clear  span  is  not  only  much  greater  but  is  also  on  the 
unsafe  side. 


5.2  EFFECTS  OF  RATE  OF  LOADING  ON  MATERIALS  PROPERTIES 

i.2.1  Reinforcing  Steel.  A  series  of  tests,  both  static  and  dynamic,  was  mad'*  to 
determine  the  physical  properties  of  the  reinforcing  steel  used  in  project  slabs.  Th  •  •’ 
tails  of  these  tests  and  an  evalualir  of  tne  results  obtained  from  them  may  be  founu 
Appenmx  3. 

In  the  dynamic,  or  high-1  'ail -rate  series  of  tests,  efforts  were  made  to  use  a  loading 
function  (stress  versus  time)  which  was  si  nilar  to  that  which  acted  on  the  reinforcing  in 
the  field-test  slabs.  It  is  believed  that  this  object've  was  achieved.  Four  specimens 
were  tested,  for  which  yield  occurred  in  4  to  5  msec  from  the  beginning  of  loading,  with 
the  loading  increasing  'he  yield  vas  occurring.  Dynamic  analyses  of  the  field-test 
slabs  indicate  that  the  yield  point  of  the  steel  in  these  slabs  was  achieved,  for  those  which 
yielded,  in  timc-c  ranging  from  about  1.5  to  3  msecs.  It  is  believed  thr>‘  the  iaboratorv 
test  data  can  be  reliallj  extrapolated  for  this  limited  range. 

The  measured  upper  yield  stress  versus  time  from  start  of  loading  to  yield  is  plotted 
in  Figure  i.bi.  Because  the  data  on  the  response  obtained  from  the  field  tests  are  ex¬ 
tremely  limited,  i*.  seamed  reasonable,  on  the  basis  of  the  laboratory  tests,  to  use  a 
uniform  rynan  lo-yieiu  level  o>  (53  ksi  for  ail  computations  of  the  resistance  of  the 
field-tesi  slabs. 

4.2  2  Concrete,  it  is  well  known  that  concrete  displays  a  time -dependent  response. 
Within  the  usual  range  oi  ao-caiiiJ  tUtUo  .1  ai..  ra.es.  :ht*  sir>.<igU]  and  cia.,1.-  apt  i  ilia 
f  concre'e  are  only  slightly  sensitive  to  variations  n  the  rate  of  straining;  however,  a 
large  increase  ii,  strain  rate  may  double  the  compress:  ve  strength. 

The  cffi-.i  of ’.he  strain  rate  oi>  t*«*  cmr.pressUi.  strengths  of  coneie.e  cylinders  1  = 
sh^wn  in  Figure  4.15  (Figure  2  of  Reference  20).  Reference  20  notes  that  the  data  of 
three  separate  investigations  are  presented  in  the  figure,  but  a  really  satisfactory  base 
for  comparison  is  lacking  because  of  d'fferoncu.-i  in  cylinder  sizes  and  methods  of  deter¬ 
mining  straining  rat  .s.  Pcwcver,  these  latter  differences  arc  of  little  significance  in 
comparing  the  ef.-ts  jf  greatly  different  straining  rates.  For  some  computations,  the 
effect  of  the  stressing  rate  on  the  compressive  strength  of  concrete  may  he  used  mori 
convem.  .y.  The  results  of  work  jon^  by  several  investigators  is  summarized  in  Figure 
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1  of  Reference  20,  which  is  reproduced  as  Figure  4.16  in  this  report. 

The  question  remains  as  to  whether  this  data  is  applicable  to  the  compressive  strength 
)i  concrete  in  flexures.  There  is  iiltie  published  data  on  the  effect  of  the  rate  of  loading 
on  the  flexural  strength  of  concrete,  anJ  it  deals  with  unreinforced  beams  which  failed  in 
tension.  The  data  indicates  that,  over  the  range  of  stressing  rates  applied,  the  effect  of 
stressing  rate  on  the  tensile  strength  of  concrete  in  flexure  is  the  same  as  the  ef’  ct  of 
stressing  rate  on  the  compressive  strength  of  concrete  cylinders.  Specifically,  n  the 
range  of  stressing  rates  of  1  to  l.tiOO  psi/sec,  the  compressive  strength  and  modulus  of 
rupture  both  vary  directly  with  the  ioga-ithm  of  the  rate  of  stressing.  However,  the  rate 
of  stressing  <*f  interest  is  on  the  order  of  10*  psi,  sec.  The  effect  of  the  rate  of  stressing 
on  the  compressive  strengths  ot  cylinders  deviates  from  this  logarithmic  relationship  be¬ 
yond  that  point,  but  there  is  no  data  on  the‘-effect  of  the  rate  of  stressing  on  the  modulus 
of  rupture  for  stressing  rates  in  excess  of  1,000  psi/sec. 

For  purposes  of  analysis  in  this  report,  it  ts  assumed  that  Figures  4  15  and  4.16  define 
the  effect  of  straining  and  stressing  rates  on  both  the  compressive  and  tensile  strengths 
of  concrete  in  flexure  as  w<*ii  as  on  the  strength  of  the  beams  in  bearing. 

The  effect  of  straining  rate  on  the  modulus  of  elasticity  of  concrete  has  been  investi¬ 
gated  extensively  in  Reference  21,  in  the  range  of  straining  rates  of  from  less  than  1  in, 
in-sec  to  more  than  10*  in/  in-sec.  In  impact  tests  described  in  Reference  21  it  was  found 
that  the  “modulus  of  elasticity  of  each  of  the  concretes  increased  significantly  with  the 
rate  of  application  of  the  load.  The  secant  values  of  the  dynamic  (impact)  moduli  were  12 
to  47  percent  gr  ater  than  the  -•atie  values  for  weak  concrete  and  7  to  33  percent  greater 
for  strong  concrete.  ”  The  secant  moc'  di  for  both  static  and  dynamic  tests  were  deter¬ 
mined  using  o,*>  f*c  and  0.3  to  0.6  fc-  Reference  20  states:  “The  higher  rates  oi  stress¬ 
ing  produced  a  greater  increase  in  the  modulus  at  loads  of  0.9  f'c  than  at  0.5  to  0.6  Pt„ 
due  probably  to  greater  creep  during  the  static  test  at  the  higher  load.  " 

If  it  is  assumed  that  the  strain  at  which  failure  occurs  (in  uniaxial  compression  tests 
of  cylinders)  is  constant  regardless  of  the  straining  rate,  and  that  the  shape  of  the  stress- 
strain  curve  is  the  same  for  Static  and  dynamic  loading,  it  can  be  shown  that  the  effect  of 
straining  rate  on  the  compressive  strength  and  the  modulus  of  elasticity  should  be  the 

same.  However,  this  is  not  the  case.  The  effect  of  straining  rate  on  the  ■  ...ri - -c 

strength  of  the  concrete  is  greater  than  the  effect  of  the  straining  rate  on  the  modulus  of 
elasticity,  indicating  that  the  shape  of  tfc  stress-strain  curve  is  different  under  different 
rates  of  loading. 

The  probable  change  in  shape  of  the  stress-strain  curve  is  indicated  in  Figuie  4.17. 

The  value  of  the  modulus  of  elasticity  probably  approaches  the  value  of  the  initial  tangent 
modulus  as  the  straining  tale  is  increased,  resulting  in  a  linear  relationship  between 
stress  and  strain  up  to  the  maximum  compressive  stress  attained  for  very  rapidly  applied 
strain.  The  shape  of  the  compreasive-stress  block  at  the  ultimate  moment  in  a  beam 
failing  in  flexure  would  be  detei  mine'!  approximately  by  that  value  of  strain  which  max: 
rnizes  the  ratio  of  the  area  under  the  stress-strain  curve  to  the  area  of  the  enclosing 
rectangle. 

Too  iiltie  is  known  about  the  properties  of  concrete  under  various  strain  rates  to 
permit  the  determination  of  the  value  of  id ti mate  concrete  strain  in  dynamic  flexure. 

Thus,  for  purposes  of  analysis,  it  was  assumed  that  the  ultimate  strain  in  compression 
is  a  constant  (9.004  in.  in)  and  that  the  value  of  the  compressive  force  (C)  is  defined  by  the 
expression  'Se-.  Reference  2): 

C  k,k3f.  bkud  (4.25) 
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Where:-  k( 


f'e 

L. 


k, 


a  coefficient  expressing  tile  ratio  of  the  area  ol  the  stress  block  to  that  o 
the  enclosing  rectangle 

a  factor  depending  on  the  stressing  or  straining  rate  and  obtained  from 
Figure  4.1-1  or  4.15 

the  standard  cylinder  strength 

width  of  the  eomptession  zone 


4.3  DYNAMIC  BK11AVIOK  OF  DEEP  ONE-WAY  SLAPS 

1.3.1  Natural  Period  of  Vibration.  For  the  same  reasons  that  caused  the  deflections 
predicted  bv  normal -beam  theory  to  lie  in  error  for  deep  concrete  members  (the  high 
value  of  vertical  stresses  relative  to  the  horizontal  bending  stresses  ami  the  inapplica¬ 
bility  of  the  normal  assumptions  such  as  plane  sections  remaining  planet,  the  usual 
equations  for  beams  cannot  lx*  expected  to  yield  correct  values  of  natural  periods  of  vi¬ 
bration  for  deep  concrete  members.  The  deflection  (S)  and  the  natural  period  <T)  can  be 
:  elated  in  a  form  -f  the  following  expression: 

T  *  2  :C  vQisTt 


Where:  6  j  the  etion  of  a  specified  point  iri  the  beam  under  the  action  of  the  dead- 
n ,,»«.*  loads  acting  on  the  beam 

C  -  an  arhitary  constant  depending  on  the  location  of  the  point  at  which  deflection 
is  measured 

g  gravity  constant 

It  should  be  noted  that  the  error  in  period  is  less  severe  than  the  error  in  deflection, 
because  the  period  is  a  function  of  the  square  root  of  the  deflection. 

For  the  reasons  suited  above,  it  was  decided  that  the  best  period  values  for  the  deep 
one-way  slabs  could  be  determined  by  use  of  the  yield-deflection  expression  developed 
from  the  tests  of  deep  concrete  members  (Reference  2).  This  expression  was  developed 
in  Reference  2  and  *s  repeated  below  for  convenience: 

Mc 

Center  deflection  (/'dr 

4EaAsa 


Where  a 


-o.oi  i r /dr  •  (K22  r,t 


!  ic  t.^pvessiona  were  used  io  define  the  stiffi  jss  of  each  me..tbei  for  compuiaiion 
ot  the  longest  natural  period  by  Rayleigh’s  method  (Reference  22). 

For  free  vibration  of  an  undamped  system,  the  maximum  potential  energy  must  equal 
the  maximum  kinetic  energy.  PE  max  -  KE  mix.  The  potential  and  kinetic  energies 
•vere  computed  by  a  isuming  the  deflected  shape  to  be  the  deflection  due  to  the  distribu'cd 
weight  of  the  bcu  ,v  and  6SC  and  Ogq  to  be  the  center  deflection  and  quarter  ;xiin'  de¬ 
flection  respectivc'y  under  this  load:  From  use  of  Simpson’s  rule  for  approximate 
integral ‘  -  . 
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I’K  max 


An  evaluation  of  the  deflection  data  obtained  from  the  C  series  of  Reference  3  reveal¬ 
ed  that  the  quarter-point  deflection  was  approximately  O.fifi  of  the  renter  flePe'.tic -i 
There  was  no  consistent  variation  in  this  relationship  with  f'.-d,  o,  or  fc.  Thus, 
equation  -1.26  can  be  written  as; 


T  ^  2z 


I  «-C!»8*bc 

K  « 


(4.27) 


A  reasonable  lower  limit  for  the  ratio  of  the  quarter-point  deflection  to  the  center  de¬ 
flection  is  0.5.  and  a  reasonable  upper  limit,  57/80.  The  difference  between  the  periods 
computed  using  these  two  limits  is  less  than  10  pereeni.  Therefore.  Equation  4.27  was 
used  to  deter  mine  the  fundamental  period  of  the  one-way  siabs  tested  under  this  project. 

As  an  indication  of  the  error  involved  in  defining  the  deflection  curve  by  means  of 
center  and  quarter-point  deflections  only,  consider  a  simply  supported,  prismatic  beam 
vibrating  in  the  flexural  mode,  ine  quarter-point  deflection  ic  /57,  80)  6  •  Therefore, 

from  Equation  4.2G: 

T  *  2* 

whereas,  the  exact  expression  for  fundamental  period  of  such  a  beam  is: 

T  *  2f 


Thus,  the  error  resulting  from  the  assumption  that  the  deflected  shape  may  be  defined  bv 
the  center  and  quarter-point  deflections  only  is  not  great. 


4.3.2  Equivalent  Single-Degree-of- Freedom  System.  The  equation  of  motion  for  an 
undamped  single-degree-of-freedom  (SDF)  system  like  that  shown  in  Figure  4.18  can  be 
found  by  solution  of  the  dynamic  equilibrium  equation: 

my  f  k(y ■  x)  -  p  14.28) 

Where:  m  the  n  ass  of  the  system  assuming  the  spring  lu  be  massiess 
y  -  the  acceleration  of  the  mass 
k  -  the  stiffness  of  the  spring 
y  the  displacement  of  the  mass 
x  t!  c  displacement  of  the  foundation 
p  external  force  applied  to  ihe  mass 
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Subtracting  nix  tr»»m  each  suit*  and  •!<.  noting  u  ■.  \.  yields 

imi  •  ku  p  -  nix  «-t .  ■_***  > 

Setting  T  2ir  and  assuming  that  p  and  x  are  single- valued  functions  ot  time,  tnc 

solution  -if  Equation  4.2!>  is 


U 


I. 

h 


i.:ii. 


\\  here:  A 


I 


t.,  initial  time 
r„  initial  resistance.  ku„ 
ro  kii0  or  k  tunes  the  initial  relative  velocity 
Tile  solution  may  Oe  expressed  in  serins  of  resistance  also  as: 


r  A  sin  12* /T  t  -  a  i  •»  p  -  mx  (4.3i) 

where  r  ku  and  the  other  term?  tv  as  previously  defined. 

To  use  an  equivalent  SDF  system  for  the  lest  slabs,  the  muss,  resistance,  load,  spring 
constant,  displacement,  and  stored  energy  of  the  SDF  system  must  be  expressed  as 
functions  of  the  mass,  resistance,  applied  load,  spring  constant,  displacement,  and 
stored  energy  of  the  slab.  The  dynamic  characteristics  of  the  two  systems  must  be  'he 
same.  This  is  accomplished  by  equating  the  periods  of  the  slab  and  the  SDF  system. 

The  selection  of  parameters  of  the  SDF  systems  used  for  dynamic  analysis  of  the 
project  slabs  was  as  follows: 


SDF  System 


Period.  T  liW™9 


Resistance,  r  -  ku 

Forcing  function,  P 
Leflection,  u  ir 

Base  disturbance,  x  x  of  slab  footings 
2  .  ’ 

C  ♦  "“q‘  1 

l  .ass,  m0  . -  •  m 

Jc  +  q  "e 

Kinetic  energy,  KEC.  -  1/2  fiu,  (up 


Slab 


c 


b(/*lJ 

p  incident  overpressure 
ce  =  center  defteeiion  relative  10  supports 
x  ■  acceleration  of  slab  footings 
m  =•  mass  of  slab/unit  area 

KE  «  1/12  mb/'  fi>cl  •  4o^:  > 


Potential  energy,  PE„  1/2  ru  PE  -  l,12rb/'  (oc  * 

‘The  sob.-wript  e  demtes  an  •quivalcnt  parameter. ! 
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With  till1  use  of  these  relations,  the  deflection  or  resistance  of  the  SDK  sys  cm  at  at:v 
time  can  be  converted  into  corresponding  slab  deflections  or  center  moment. 

One  important  stress  function  of  the  slab  is  not  described  by  the  SDF  model,  this 
the  slab  reaction.  It  is  not  consistent  with  the  remainder  of  the  analysis  to  use  1  2  rb/ 
as  the  value  for  the  slab  reaction.  Considering  the  forces  shown  acting  on  the  slab  in 
Figure  •*- 1  f*  the  value  of  the  Reaction  V  can  be  determined  by  taking  moments  about  the 
centroid  of  the  inertia-force  distribution.  For  a  trapezoidal  distribution  of  inertia  forces 
with  Oq  o.5iloc.  the  location  of  the  centroid,  x,  is  n.33/'  .  For  a  second-degree 
parabolic  distribution,  x  is  <>.31/'  .  Taking  x  as  0.33/*  ,  the  equation  for  V  iconics: 

V  W  «'.l2p  •  o,3s  r [  (4.32i 

In  order  to  represent  3iab  behavior  after  yiw'  *  aon.e  modification  of  the  Si)F  system 
is  required.  The  factor  of  primary  importance  is  the  change  in  moment -deflection  ratio 
for  the  slab  which  requires  a  change  in  k,  the  spring  stiffness,  for  th*.  SDF  system.  Be¬ 
cause  r  for  the  slab  converts  directly  to  r  for  the  SDF  system,  and  6C  for  the  slab  is 
equal  to  u  for  the  SDF  system,  the  conversion  of  the  k  value  is  simple  to  accomplish. 

The  value  of  mt„  equivr'ent  mass,  of  the  SDF  system  might  also  be  altered  to  account 
for  the  change  in  the  dot.  c*rd  shape  of  the  slab  in  passing  from  the  elastic  range  to  the 
yield  range  However,  because  the  change  «f  m^,  will  not  be  great,  it  is  convenient  to 
neglect  it  and  thus  Ire  able  to  make  direct  use  of  response  charts  and  rapid  computational 
methods  such  as  those  outlined  in  Reference  23. 

4.3.3  Response  to  Applied  Vertical  Loading  Only.  To  evaluate  the  order  of  magnitude 
of  the  possible  effect  of  the  axial  load  and  friction  at  the  supports  on  the  response  of  the 
test  slabs,  each  was  analyzed  first  as  though  the  only  external  force  applied  was  the  side- 
on  blast  overpressure  on  the  top  surface  of  the  slab.  The  original  design  calculations 
and  response  predictions  for  these  slabs  were  based  on  this  assumption. 

The  forcing  function  for  each  station  was  obtained  by  considering  the  pressure  records 
for  that  station,  pressure  records  obtained  at  nearby  Stanford  Research  Institute  stations, 
and  the  theoretical  pressure-time  curves  of  References  24  and  25.  for  the  value  of  the 
peak  overpressure  experienced  at  each  station.  Because  the  duration  01  me  applied  load 
was  quite  long  compared  to  the  fundamental  period  of  the  s.abs,  the  slope  of  the  decay 
of  pressure  with  time  was  represented  by  a  straight  line  which  appeared  to  fit  the 
measured  pressure-time  history  best  at  the  early  stages  of  decay  (initial  tangent  approxi¬ 
mation). 

Representations  of  the  measured  pressure-time  curves  for  Stations  360.01  and  360.02 
are  shown  in  Figures  3.1  to  3.7.  The  simplified  forcing  functions  used  in  all  subsequent 
computations  arc  shown  in  Figure  4.20. 

Resistance  hmetin*  ^  defining  the  rteyiirn!  re«jvm»*.  „(  slab  ••"re  determined  as 
follows: 

1.  Yield  moments  were  computed  using  Equation  4.1.  A  yield  stress  in  the  steel  of 
GO  ksi  was  assumed,  for  reasons  stated  M  Section  4.2.1.  Because  the  ultimate  strength 
ot  the  concrete  is  raised  also  by  the  rapid  stressing  rate,  it  was  assumed  that  the  distri¬ 
bution  of  compressive  stress  in  the  concrete  was  linear  at  yield.  Therefore,  the  moment 
arm  of  the  internal  resisting  couple  is  assumed  to  be  that  computed  from  tne  clastic 
theory. 

2.  Yield  .eflceiions  were  computed  from  Equation  S.9  using  *;m  yield  moment  -  or.: 
puted  above  for  Mr  (Tables  4.0  and  4.7). 

3.  Ultimate  moments,  i.  e. ,  that  moment  at  which  the  concrete  crushes  «n  compression 
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nr  the  sice!  ruptures.  iu'H'  romjuiieu  11  <>:tt  Equation  4.2  after  computing  l&  U\  an 
iterative  method  'Table  4.h>.  The  effects  «f  the  rapid  loading  on  the  strengths  of  the 
steel  and  the  concrete,  and  strain  hardening  it;  the  steei.  were  taken  into  consideration. 
The  stress-strain  relationship  fur  the  steei  was  assumed  to  be  bilinear  as  shown  in 
Figure  4.21.  This  assumption  is  believed  to  be  justified  by  the  fact  that  most  of  the 
slabs  had  multiple  layers  of  tension  steel-  A  more  refined  assumption  does  not  appear 
to  be  warranted,  because  the  different  layers  of  steel  undoubtedly  experienced  different 
stress  states  at  the  same  time. 


4.  Ultimate  center  deflections  were  computed  using  Equation  1.14.  The  dvanamic 

yield  strain  . )  was  assumed  to  lx?  «.0f»21  in,  in.  This  is  consistent  with  a  dynamic 
*v 

yield  stress  of  r.:t  ksi  and  was  based  on  the  assumption  that  rapid  loading  has  no  effect 
•>n  the  modulus  of  elasticity  of  the  steel.  Values  for  the  ultimate  strain  in  the  steel 
were  obtained  from  the  computations  fro  the  ultimate  moment. 

5.  Finally,  the  resistance  function  was  assumed  to  be  linear  between  the  three  points 
defined  by  the  origin,  the  yield  resistance,  and  the  ultimate  resistance,  as  indicated  in 
Figure  4.22. 


The  flexural  yield  resistance  of  a  given  slab  is  given  bv  the  expression: 

8My 
r,.  .  «,  r 

o’l'r 


Where:  rv.  the  yield  resistance,  psi 

My  the  yield  moment  as  previously  computed,  inch-pounds 
b  width  of  the  slab,  inches 
i"  -  the  effective  span  length,  inches 


The  effective  span  length  for  alt  computations  was  assumed  to  be  the  clear  span  plus 
one  support  width. 

Similarly,  the  flexural  ultimate  resistance  may  be  computed  as  follows: 


8MU 
r“  ‘  btf'i* 


(4.34) 


The  slabs  were  analyzed  by  the  rapid  computational  methods  of  Reference  23,  using 
the  method  outlined  in  Section  2.2.2  of  the  reference  to  account  for  strain-hardening  of 
the  resistance  function.  The  results  of  these  calculations  are  shown  in  Tables  4.9  and 
4.10,  for  Stations  300.01  and  3Gf-.t>2,  respectively,  and  are  compared  with  observed  crack 
patterns.  From  these  tables  it  is  apparent  that  the  computed  response  assuming  only  a 
vertically  applied  biast  load  was  far  mot  e  sever  in  each  case  than  the  actual  response 
of  the  slabs.  At  Station  360.01,  the  computations  indicate  ti,at  7  of  the  13  slabs  should 
have  failed  and  the  remainder  should  have  exhibited  considerably  more  permanent  de¬ 
flection  and  cracking  than  they  aid 

No  slab  at  Station  360.01  with  a  computed  maximum  response  oi  less  than  4.4  times 
the  yield  deflection  was  cracked.  Slab  36-1,  which  did  not  have  vertical  reinforcing, 

.suite red  iight  inclined  cracking,  whereas  its  companion  Slab  3u-a,  wait  vertical  stir: ups. 
did  not  crack,  though  it  had  the  same  computed  response  of  6.5  yield  deflections. 

At  Station  360.02,  only  Slab  11-1  (the  shallowest)  was  computed  to  have  failed,  and  it 
suffered  light  cracking  at  midspan.  Of  those  with  computed  responses  of  less  than  6.6, 

3  of  12  were  ver,  lightly  cracked.  Two  with  computed  responses  of  14  yield  deflections 
showed  or.iv  lignt  vertical  cracking  at  midspan. 

To  summarize  briefly,  the  observed  response  at  each  station  was  much  less  than  that 
eon.  vited  by  assuming  that  the  only  external  force  applied  to  each  slab  was  the  side-on 
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overpressure  on  me  top  surface.  This  may  be  clue,  in  part,  to  the  assumption  that  the 
ultimate  strength  of  the  reinforcing  steel  was  not  increased  by  rapid  loading.  However, 
in  the  range  of  response  of  less  than  ■">  yield  deflections,  the  effect  of  this  assumption  is 
negligible.  Thus,  a  slab  having  a  predicted  failure  should  have  shown  at  least  signs  of 
extensive  yielding  in  the  reinforcing  steel  and  a  residual  deflection  of  5  or  more  yield 
deflections. 


4.3.4  Response  to  Axial  Loads.  As  discussed  under  Section  4.1.7,  it  i*  believed  that 
the  ends  of  the  slabs  were  subjected  to  lateral  earth  pressure  and  that  a  friction  force- 
directed  toward  midspan  was  generated  by  the  tendency  of  the  bottom  of  the  slab  to  move 
outward  at  the  supports.  It  is  not  possible  to  determine  the  value  of  either  force  exec  !y. 
The  assumption  made  under  Section  4.1.7  regardiog  the  distribution  of  the  soil-transmitted 
pressure  will  be  used  here. 

The  support  friction  is  even  more  complex,  but  for  purposes  of  analysis  it  is  assumed 
that  the  force  can  be  represented  as  the  product  of  a  coefficient  of  friction  and  the  slab 
reaction.  Further,  it  is  assumed  that  the  coefficient  of  friction  is  a  constant.  Several 
references  give  the  static  coefficient  of  friction  of  concrete  on  concrete  as  0.6  to  0.70. 

This  is  a  limiting  value — kinetic  friction  is  slightly  less  than  static  friction  and  decreases 
with  time  and  the  relative  velocity.  Because  the  exact  value  of  the  coefficient  is  unknown 
and  because  the  previously  mentioned  values  represent  an  upper  limit,  it  was  assumed 
that  the  coefficient  of  friction  at  the  supports  was  0.5. 

As  indicated  in  Equation  t.ot  ,ne  slab  reaction  is  a  function  of  two  variables:  the 
instantaneous  overpressure,  and  the  resistance  'which  was  assumed  to  be  a  function  of 
deflection  only).  However,  when  axial  loads  are  introduced,  the  force-deformation 
relationship  for  a  reinforced-concrete  member  is  altered,  as  discussed  under  Section 
4.1.7.  The  moment-resisting  capacity  is  increased  significantly.  Enough  experimental 
data  is  available  on  tests  of  beam-columns  to  make  some  rational  allowance  for  the  in¬ 
fluence  of  these  forces  on  members  of  normal  dimensions,  i.  e. ,  span-depth  ratios  of 
about  10.  It  is  assumed  that  the  same  methods  of  analysis  are  applicable  to  these  deep 
members.  That  is,  it  is  assumed  that  the  forces  involved  may  he  resolved  into  an  axial 
force  and  a  resisting  moment  at  midspan,  and  that  the  resisting  moment  in  tne  section  is 
defined  by  assuming  a  linear  distribution  of  strain  with  depth  at  midspan  'Figure  4.23). 

The  classic  definition  of  moment  on  a  section  is  that  moment  taken  about  the  centroid 
or  neutra.  axis  of  the  section,  tn  a  member  of  reinforced  concrete,  the  transformed 
area  of  the  section  changes  with  axial  load.  It  is  impossible  to  develop  analytically  a 
closed-form  expression  for  the  moment  about  a  changing  axis;  when  the  stress-strain 
relationship  for  the  material  changes,  the  axial  load  changes  with  the  moment  and  the 
moment  varies  with  time. 

If  the  member  were  rr.sdr  "f  -  i*  '-.■ej-nenus.  ijotropii-.  clastic  ial.  the  recisti.i# 
moment  taken  at  niddepth  would  be  a  function  of  the  deflection  tor  rotation  of  a  piane 
section)  at  mtdspan,  regardless  of  the  value  of  the  axial  force.  This  is  implied  in  the 
equation  for  superposition  '4.17).  But,  ot  .-i—.-sly,  this  is  v*  for  reinforced-concrete 
members;  there  is  no  depth  at  which  the  moment  is  a  function  of  the  angle  change  alone 
regardless  of  the  value  of  the  axial  load,  because  a  change  in  axial  load  changes  the 
cracked-scctinn  moment  of  inertia.  As  shown  in  Figure  4.24,  the  distance  between  the 
centroids  cf  toe  compressive  and  tensile  forces  changes  with  the  axial  load,  even  though 
the  angle  '’h  •  ge  tr-iy  be  constant.  This  change  in  the  moment  arm  <*  due  to  hteicaiic 
behavior  of  the  concrete  and  the  fact  that  the  location  of  the  centroid  of  the  tcmile  force* 
reu.-lns  constant.  Therefore,  the  resisting  moment  computed  at  middepth  decreases 
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gradually  with  increasing  axial  load  fur  the  same  angic  change  at  the  section  For  put 
poses  of  these  computations,  however,  it  wiil  be  assumed  that  the  resisting  moment 
Mr  (figure  -:.23)  is  a  function  of  the  deflection  only  and  that  it  is  defined  fat  taking 
moments  at  the  geometric  centroid  of  the  concrete,  that  is.  at  a  depth  of  o.Sh. 

The  existence  of  axial  forces  also  affects  the  frequency  of  vibration  of  a  beam-cotum  i. 
Assuming  a  span-depth  ratio  of  about  six  or  more  so  that  the  vibration  of  the  member  is 
primarily  flexural,  and  rewriting  Equation  (<i>,  page  375  of  Reference  30.  it  can  be  siiov.n 
that 


Where :  «:a 


I 


N 


N 


cr 


circular  natural  frequency’  of  beam-column  in  fundamental  mode 

circular  natural  frequency  of  member  in  fundamental  mode  with  r.o  axial 
force  acting 

axial  force 

critical  buckling  load  in  first  mode 


From  equation  4.3a  it  u'  apparent  that  a  compressive  axial  force  decreases  the  natural 
frequency  of  the  member.  However,  a  simple  computation  indicates  that  Scr  is  about 
100  times  the  axial  load  at  the  balance  point  for  these  test  members.  Thus  the  effect  of 
tbs  axial  load  as  expressed  in  Equation  4.35  is  negligible. 

An  axial  load  also  affects  the  frequency  of  flexural  vibration  of  a  reinforced -concrete 
member  by  inhibiting  cracking  and  thus  stiffening  the  member.  Consider  the  term  *■ 
from  Equation  4.35: 


Where:  l'  1  effective  span 

E  =  modulus  of  elasticity 
I  moment  of  inertia  about  the  bending  axis 


n  -  mass  per  unit  length 


Under  axial  load  the  cracked  moment  of  inertia  of  a  reinforced  concrete  beam  is  in¬ 
creased  while  all  other  terms  of  Equation  4.3G  remain  essentially  constant.  Calculations 
for  members  of  this  test  series  indicate  that  the  increase  in  cracked  moment  of  inertia 
due  to  an  axial  load  eouivalent  to  that  the  balance  point  for  each  inember  is  on  the  order 
of  50  percent.  Tnus,  the  maximum  possible  effect  consistent  with  flexural  rcspoi.r-  in¬ 
creases  the  ratural  circular  frequency  of  the  member  about  22  percent. 

While  the  preceding  expressions  apply  only  to  members  with  span-depth  ratios  of 
ah.sit  six  or  more,  the  indications  are  that  the  effect  of  the  axial  toads  on  the  periods  of 
’■ibration  may  be  ignored  without  introducing  a  very  large  error.  This  would  be  especially 
true  if  the  maximum  value  of  the  axial  force  were  small  compared  to  the  value  of  the 
axial  load  at  the  balance  point.  For  values  of  axial  loads  subsequently  computed,  the 
effect  is  to  increa-*  the  periods  by  leas  than  10  percent. 

The  frequencies  of  the  members  tested,  as  computed  by  Equation  4.27.  quite  probably 
are  not  pvtmrate  to  within  *  10  percent,  so  modifications  of  them  based  on  the  preceding 
cor  s1  v  jtions  are  not  warranted. 
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Also,  the  rise  ume  >>(  the  applied  pressure  pulse  is  only  about  0.16  to  *>.4  <‘l  the 
computed  jieriotis.  Consideration  of  the  spectra  of  maximum  displacement  (Figure  4,  !!• 
of  Reference  22)  resulting  from  forcing  functions  of  the  type  shown  in  Figure  4.20  leads 
to  the  conclusion  that  period  changes  on  the  order  of  *  10  percent  dc  not  sigitifit  antly 
change  the  maximum  response  of  the  structure. 

in  view  of  ail  the  preceding  considerations,  it  was  decided  that  analyses  of  tlie  response 
of  the  slabs  would  be  based  on  the  following  simplifying  assumptions:  H)  vertkai  forcing 
functions  were  as  sIiowti  hi  Figure  4.20,  (2)  earth-transmitted  axiai  f»rc«-  was  as  shown 
in  Figure  4.8,  that  is,  the  shape  of  the  force  was  trapezoidal,  ’with  the  pressure  a  function 
of  the  instantaneous  side-on  overpressure  at  the  surface,  i'.U  friction  force  at  th**  supports 
was  equal  to  naif  of  the  instantaneous  value  of  the  reaction;  !4  i  internal  resisting  moment 
in  the  slab  was  a  function  of  the  deflection  a!  midspan  only;  and  15)  effect  of  the  axiai  loads 
on  the  periods  of  vibration  of  the  slabs  was  negligible. 

Referring  to  Figure  4.23,  it  is  now  possible  to  define  the  clastic  behavior  of  the  slab. 
Ignoring  rotatory-  inertia; 

X  CfV  •  P  (4.37 ) 

Taking  moments  at  the  intersection  of  centroid  of  the  inertia!  forces  and  the  friction 
force  CfV,  and  assuming  elastic-  deflections  are  so  small  that  they  do  ikk  affect  the 
moment  arms  of  the  forces  involved: 

,,  If  f  /’  lO-tZu  t  -  O.04  p)  —  0.08  ill  . , 

'  (0.33  r  -  6.25  h  )~  !  '  ! 

Where:  b  width  of  stab,  inches 

/'  *  effective  length  of  slab,  inches 
r  -  instantaneous  value  of  resistance,  psi 
p  instantaneous  value  of  the  overpressure,  psi 
P  -  instantaneous  value  of  the  axial  load  due  to  lateral  earth  nr'-' — "" 

(P  '  bh;  pounds 

h  -  depth  of  slab,  inches 

The  instantaneous  value  of  the  resistance  of  the  slab,  r,  may  be  determined  from  a 
solution  of  the  differential  equation  of  motion  of  the  equivalent  SDF  system  under  the 
appropriate  forcing  function.  For  example,  ignoring  the  base  disturbance  and  assuming 
an  undamped  system,  the  equation  of  motion  for  the  one-way  slabs  at  Station  360.02  is 

tncy  +  ky  Pm  -  Pm  ,*  •  'For  °  '  1  ‘c  ’  (4*3S) 

Vi 

Where:  equivalent  mass  of  the  system 

y  ■  mass  acceleration 
k  equivalent  spring  stiffness 
mass  displacement 
Pm  peak  overpressure 
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tj  duration  of  pressure  pulse 

Solving  Equation  4.35  for  the  deflection  of  tne  slab  -a  hi  it*  the*  force  is  acting  on  the 
structures: 


>' 


1 


-  s  •  JT-  T- 


t 

T 


14.10) 


Where:  y  center  deflection  of  the  slab,  inches 

vg  center  deflection  of  slab  under  pm  acting  as  a  static  load,  inches 
duration  of  pressure  poise,  seconds 
T  fundamental  period  of  siab,  seconds 


a  •  -sin 


1 


1  -  i 


2  td/T 


T.»  obtain  r,  ti  is  necessary  only  to  multiply  both  sides  of  Equation  4.40  by  k.  Thus: 

r  pt»  [*  ~  *  V  1  *  irjf^  Sm  ,2rt  T  '  *  *] 


Solving  Equations  4.41,  4. '.’4,  ar~  .  “  at  discrete  intervals  of  time,  it  is  possible  to 
obtain  instantaneous  values  for  Mr  and  N  which  may  be  plotted  on  an  interaction  diagram. 
The  yield  moment  *4^  is  then  obtained  from  the  intersection  of  the  trace  of  these  values 
with  tb**  yield  line  of  the  interaction  diagram.  In  the  preparation  of  the  interaction  dia¬ 
grams  for  this  step  of  the  analysis,  the  effect  of  the  rapid  loading  late  on  the  strengths 
of  the  concrete  and  the  tensile  steel  were  taken  into  consideration  as  discussed  under 
Section  4.2.  Specifically,  the  yield  point  of  the  Steel  was  assumed  to  be  63  ksi.  the  ulti¬ 
mate  strain  in  the  concrete  was  assumed  to  be  0.064.  and  the  value  of  the  compressive 
force  in  the  concrete  was  computed  by  Equation  4.25. 

Typical  results  of  these  computations  are  shown  in  Figures  4.25  and  4.26.  Th»  wm- 
putations  indicate  that  the  tensile  steel  would  not  have  yielded  in  most  of  the  members 
under  the  assumed  leading  conditions.  For  Slab  44-4.  which  was  computed  to  have  faiied 
if  vertical  loads  only  were  acting  fTabie  4.9),  Figure  4.26  shows  that  the  effect  of  the 
axial  load  (under  the  assumptions  listed  above)  would  be  so  great  as  to  prevent  yielding 
of  the  tension  steel  at  midspan. 

New  resistance  functions  w-re  prepared  for  each  slab  with  value*  of  yield  moments 
obtained  from  the  graphical  solutions.  Again,  assuming  that  the  axial  forces  do  not  affect 
the  stiffnesses  of  tKe  "ncmh®r,*,  yi*4d  •i'»f!*rtions  were  computed  b>  multiplying  the  yield 
deflection  obtained  from  Equation  4.9  by  the  ratio  of  the  yield  moment  obtained  fiom  the 
interaction  diagram  to  the  yield  moment  computed  by  Equation  4.1. 

.*%  new  ultimate  moment  may  he  obtained  from  the  interaction  diagram,  also.  However, 
because  the  yield  moment  approaches  the  ultimate  moment  as  the  axial  load  is  increased, 
the  new  resistance  functions  were  assumed  to  be  plastic  beyond  the  yield  point.  The  re¬ 
sponse  of  each  slab  was  again  computed  by  rapid  techniques.  The-  results  of  these  com¬ 
putations  are  shown  in  Tables  4.11  and  4.12. 

As-  previously  ■’  ccss^d,  many  assumptions  were  mr-dc  to  permit  those  analyses. 

There  were  no  experimental  data  obtained  to  confirm  or  deny  the  validity  ol  the  assump¬ 
tions.  T  -  oniy  response  data  obtained  consisted  of  the  word  and  picture  descriptions 
of  -■  -sible  crack  patterns  and  the  residual  deflection  data,  which  were  not  conclusive 
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at  all.  ifewvvvi ,  the  results  s»{  the  computations  indicate  that  the  effect  of  axial  .oads. 
if  they  existed,  would  be  to  increas-  the  strengths  of  the  slabs  markedly. 

if  the  effect  of  the  axiai  forces  on  the  yield  resistances  of  the  slabs  is  ignored  and  o 
is  assumed  that  the  periods  of  the  slabs  at  Station  360.01  >.vere  equal  to  the  rise  lime  of 
the  applied  pressure  pulse  (reducing  the  amplification  factor  for  maximum  response  to 
1.0),  1!  of  the  slabs  still  should  have  exceeded  their  respective  yield  deflections  md  6 
of  these  would  have  foiled  in  flexure.  Thus,  errors  in  period  computations  alone  c-.mnot 
account  for  the  discrepancies  that  exist  between  predicted  and  observed  response. 

A  brief  study  of  Tables  4.11  and  4.12  reveals  that  the  effects  of  an  earth-transmitted 
axial  force  and  frictipn  at  the  supports  tend  to  bring  the  computed  and  observed  response 
into  line  except  for  Slabs  20-1,  28-1.  -2.  and  -3  at  Station  36<i.oi  and  Slab  11-1  si 
Station  366.02.  In  these  cases,  the  periods  of  the  slabs  are  greater  and  the  depths  of 
the  foundations  less  than  the  others  at  the  same  station.  Any  ground  motion  induced  by 
the  airblas>  passing  over  the  surface  would  undoubtedly  have  had  a  greater  effect  on  the 
initial  response  of  these  slabs  than  on  the  others.  The  effect  of  base  disturbances  in 
general  is  discussed  under  Section  4.3,5. 

4.3.5  Effects  of  Base  Disturbance.  The  posttest  conditions  at  Stations  266.01  and 
360.02  indicate  that  large  vertical  pound  accelerations  must  have  occurred  during  the 
passage  of  the  shock  wave.  The  final  elevation  of  the  ground  surface  at  Station  360.0! 

W3s  7  feet  below  the  preshot  elevation  while  that  at  Station  360.02  was  1/2  f<  ol  lower  than 
the  preshot  elevation.  The  for-  *V»*  a  base  disturbance  may  have  a  significant  effect  on 
the  response  of  a  structure  is  well  known,  but  it  cannot  be  clearly  established  what  that 
effect  might  be  without  detailed  knowledge  of  the  acceleration  as  a  function  of  time. 

This  fact  was  recognized  during  the  planning  stages  of  this  project.  Provisions  were 
made  for  the  installation  of  accelerometers  on  the  slab  foundations.  Unfortunately,  the 
records  from  these  accelerometers  wet e  completely  obliterated  through  leakage  of  sea¬ 
water  into  the  gages.  As  a  result,  the  only  indications  available  of  the  acceleration- time 
behavior  of  the  slab  foundations  came  from  the  Project  l.S  records  of  accelerations  at 
Stations  i  80,01  and  186.02. 

The  data  available  from  Project  1.8  include  horizontal  and  vertical  a ***«■* ; . me 

soii  at  a  depth  of  10  feet  and  vertical  accelerators  at  a  depth  of  1  -foot  in  the  soil.  Station 
180.0!  was  located  at  a  range  of  about  170  feet  greater  than  Station  360.61.  and  Station 
180.02  was  located  at  a  range  of  about  44  feet  greater  than  station  360.02.  It  is  believed 
that  this  data  dees  not  justify  detailed  computations  of  the  effects  of  base  disturbance  on 
the  slabs.  The  Project  1.8  data  shows  a  considerable  attenuation  cf  the  acceleration  peaks 
from  the  i -foot  depth  to  the  10-foot  depth  and  a  change  the  times  of  the  peak  upward 
and  downward  acceleration  with  reference  to  airbiast  arrival.  The  accelerations  of  the 
stab  foundations  are  not  dcdueiblt  from  this  earth  acceleration  data,  either  in  magnitude 
of  peaks  or  in  time  variation.  The  appearance  of  the  test  site  amt  the  two-way  slab  four. 
Nations  at  Station  360.01  aftet  the  test  indicated  considerable  localized  variations  in 
ground  movements.  Thus,  only  order  of  magnitude  estimates  can  he  made  of  the  effect 
ct  ground  movements  on  the  response  of  the  Project  3-6  slabs,  using  oulses  of  an  accel¬ 
eration-time  variation  conforming  to  the  range  appearing  in  the  Project  1.8  data  for 
ver.'cai  accelerations  at  1-  and  SO- foot  depths. 

The  highly  simplified  acceleration -time  function  shown  in  Figure  4.27  was  derived 
from  tht  Pro:e  t  1.8  data.  The  pe~k  acceleration  values  and  time  variation  are  somewhat 
arbitrary,  tables  which  seemed  reasonable  were  chosen  for  the  peak  accelerations  at 
the  average  d: pen  of  the  stab  foundations  by  using  an  exponential  interpolation  between  the 
tw  £*gt-  depths  M  foot  and  10  leeli.  The  time  variation  was  established  to  give  downward 
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and  upward  acceleration  spikes  representing  velocity  changes  intermediate  between  the 
vel*«city  changes  at  the  1-foot  and  10-foot  depths. 

The  acceleration  pulses  were  applied  tit  conjunction  with  the  pressure  puises  to  Slabs 
36-4  and  21-2,  which  showed  no  signs  of  yielding  in  the  actual  test,  in  order  to  estimate 
the  possible  effects  of  the  base  disturbance.  The  method  of  analysts  is  covered  in  Section 
4.3.2.  In  the  calculations  of  response,  the  stabs  were  assumed  to  remain  clastic  and  the 
resistances  required  in  the  positive  direction  ar»‘  in  rebound  were  **va*uitcd.  Because 
estimates  of  order  of  magnitude  were  sought,  it  was  believed  unnecessary  to  include  the 
effect  on  the  required  rebound  resistance  of  the  change  in  stiffness  for  the  sisb  in  rebound. 
As  discussed  in  the  section  on  rebound  behavior  which  follows,  neglecting  the  change  o! 
stiffness  gives  low  values  for  required  rebound  resistance.  However,  damping  is  also 
neglected,  and,  under  the  conditions  of  loading,  maximum  rebound  did  not  occur  until 
several  cycles  of  vibration  had  taken  place.  Thus,  the  required  rebound  resistance 
values  given  are  considered  to  be  significant  more  in  their  differences  than  in  their  mag¬ 
nitudes.  The  results  of  the  analysis  of  resoense  are  given  in  Table  4.13.  These  results 
indicate  that  the  ground  displacements  could  have  had  considerable  effect  upon  the  resis¬ 
tance  required  to  prevent  yielding  and  therefore  on  the  slab  response  also.  The  compari¬ 
son  between  Cases  1  and  2  icdicates  the  beneficial  effect  resulting  from  a  favorable  timing 

the  ground  disturbance,  whereas  a  comparison  of  Cases  1  and  3  indicates  the  unfavorable 
effects  of  a  delayed  commencement  of  the  base  disturbance.  It  is  obvious  thai  i he  timing 
of  the  ground  disturbance  relative  to  the  overpressure-time  function  is  of  primary  impor¬ 
tance. 

The  consideration  of  the  data  available  on  ground  disturbances  during  the  test  of  the 
Project  3.6  slabs  indicates  that  such  disturbances,  judging  from  the  intensities  and  time 
variations  of  accelerations  measured  in  the  soil  at  nearby  Project  1.8  stations,  couid  be 
responsible  for  either  a  significant  apparent  increase  or  decrease  in  the  slab  resistance, 
depending  on  the  time  variation  of  the  acceleration.  The  order  of  magnitude  of  the  appar¬ 
ent  change  in  resistance  is  dependent  upon  the  value  of  the  peak  accelerations,  and  is  thus 
unknown,  but  rough  calculations  indicate  the  effect  could  have  been  as  much  >50  percent 
of  the  predicted  resistance,  ft  seems  probable  that  the  foundation  accelerations  began 
coincidentally  with  the  arrival  of  the  airblast  pressure,  that  is.  that  the  slab  foc-',-,:~'- 
did  not  show  the  deiay  in  commencement  of  accelerrtion  indicated  by  the  Project  1.8  data, 
ff  this  time  sequence  is  correct,  the  base  disturbances  were  likely  to  haw  been  respon¬ 
sible  for  a  significant  portion  of  the  apparently  higher -than -predicted  resistance  of  the 
Project  3.6  slabs. 

4.3.6  Elastic  Rebound-  A  negative  displacement  or  rebound  can  occur  after  the  slabs 
undergo  their  maximum  positive  displacement.  Rebound  displacement  results  in  stresses 
of  the  opposite  scr rr  tc  pr +•••«**»  the  normal  positive  displacement.  The  mag¬ 
nitudes  of  the  rebound  displacements,  and  tie  rebound  stresses,  are  infiw.iK.cd  in  the  time 
history  of  the  overpressure  loading  as  well  as  the  peak  value  of  the  overpressure.  If  the 
i iS  -  pure  impulse,  for  a  slab  that  remains  elastic  throughout  the  loading  history, 
the  magnitude  of  the  negative  or  rebound  displacement  will  be  equal  to  that  of  the  positive 
dispiacTU.i-nt.  Conversely,  if  the  loading  is  of  infinite  constant  duration,  no  rebound  will 
•  <ccur;  the  oscillations  of  the  system  with  respect  to  tne  unloaded  equilibrium  position  will 
never  proceed  into  ’he  negative  range-  The  analysis  of  rebound  magnitude  becomes  more 
complex  when  Ir-  ’  -ti~  response  of  the  slab  occurs,  but  the  simple  cases  staled  bound  the 
range  of  possible  rebound  response  of  a  slab  with  identical  stiffness  in  positive  and  nega¬ 
tive  rer.  -  .*e. 

Hi*  analysis  of  rebound  response  is  further  complicated  by  the  changed  dynamic  behavior 
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of  reinforced  -concrete  slabs  in  the  region  of  negative  displacement.  The  siaos  fu.d  no 
longitudinal  compression  reinforcement;  therefore,  in  rebound  response,  they  wc*c 
essentially  unreinforced-conerete  members.  Thus,  the  load  deflection  relations,  and 
therefore  the  natural  frequencies  of  the  slabs,  would  change  as  they  deflected  upward 
beyond  the  unloaded  equilibrium  position, 

A  rapid  procedure  for  computation  of  required  rebound  resistance  has  been  developed 
and  was  published  in  Reference  27.  This  procedure  was  developed  for  an  equivalent  SDK 
system  and  considers  the  system  to  have  the  same  dynamic  characteristic::  during  normal 
response  and  rebound.-  It  is.  therefore,  not  exact  for  reinforced -concrete  structures 
which  may  not  be  reinforced  identical <y  for  positive  and  negative  displacements.  The 
charts  available  for  this  procedure  will  give  results  that  are  conservative  when  the  as¬ 
sumptions  made  in  the  analytical  development  are  ritisfled,  because  the  charts  are  pre  • 
pared  to  correspond  an  envelope  containing  the  peak  rebound  values. 

A  comparison  of  the  moments  of  inertia  for  the  one-way  project  slabs  In  normal  de¬ 
flection  (!  of  the  cracked  transformed  section  by  normal  clastic  tberory)  and  in  rebound 
fl  of  the  gross  concrete  sections  assuming  effective  bomogeniety)  indicates  the  moment 
of  inertia  in  rebound  will  be  greater  than  that  in  normal  deflection — from  two  times  as 
great  in  the  shallower  slabs  to  over  four  times  as  great  in  the  deeper  slab*.  This  vari¬ 
ation  of  mome.it  of  inertia  in  turn  indicates  that  the  periods  in  rebound  will  run  from  less 
than  30  to  70  percent  of  the  periods  in  normal  deflection.  The  effect  of  tnis  change  in 
stiffness  as  the  slab  begins  to  deform  into  the  negatre  range  is  to  increase  the  required 
rebound  resistance  over  that  would  be  required  if  the  stiffness  were  the  same  in 
the  two  directions  of  response.  The  factor  of  amplification  appears  to  be  in  the  neighbor¬ 
hood  of  v  lr.  [  where  ir  is  the  moment  of  inertia  in  rebound  and  !  is  the  moment  of 
inertia  of  the  cracked  elastic  transformed  section.  Thus  the  rebound  response  charts 
prepared  in  Reference  27  would  appear  to  be  on  the  unsafe  side  for  use  with  the  Project 
3.6  stabs. 

The  rebound  stress  that  the  slabs  can  resist  is  limited  by  the  resistance  of  the  slabs 
to  bending  in  the  rebound  direction.  It  is  not  possible  to  give  exact  values  for  this  re¬ 
sistance.  The  slab  concrete  was  not  tested  in  tension,  and  little  is  known  concerning 
dynamic  effects  «n  the  tensile  strength  of  concrete.  In  order  to  e«ti«K>»*»  '*  .* 

resistance  of  the  slabs,  it  was  assumed  that  the  modulus  of  rupture  for  the  concrete  in 
tension  was  0.15  fc  (0.10  fc  is  a  normal  static  rule-of-thumb  value  for  the  modulus  of 
rupture,  and  0.15  Pc  was  chosen  to  allow  for  dynamic  effects).  The  rebound  resistance 
is  expressed  as  the  equivalent  pressure  in  psi  on  the  slab  surface  that  would  develop  the 
modulus  of  rupture  on  the  tensile  surface.  The  values  of  rebound  resistance  rr  are 
tabulated  in  Table  4.14. 

An  estimate  cf  r*  .  the  required  rebound  resistance  to  preclude  cracking  in  rebound. 

can  be  mad**  f—'rr.  !h»*  chsr*«  in  Referecc*  27.  The  value  of  o _ it,.,  used  to 

enter  the  chans  ir.  that  determined  as  described  in  Section  4.3.3  eonsKierit'g  o«!j.  norma! 
loading*  to  act  on  the  slabs.  Because  the  yield  resistance  is  higher  when  axial  iosds  are 
considered,  '-?.':cc!.ntions  assuming  no  axial  load  to  act  will  lead  *o  somewhat  low  values 
for  required  rebound  resistance.  This  is  due  to  the  fact  that  the  maximum  elastic  de¬ 
flection  is  somewhat  greater  when  axial  ioads  act.  As  discussed  previously,  the  values 
of  required  rebound  resistance  taken  from  the  chart  are  increased  by  the  factor  V7,.  !  to 
•flow  for  the  i  fleet  of  changed  stiffness  in  rebound. 

The  con*  rw»*  of  the  slab  installation  place  another  limit  on  the  rebound  stress  that 
he  developed.  The  only  positive  resistance  to  the  lifting  of  the  slabs  from  their 
: .  rts  was  provided  %  two  7/fc-lnch  diameter  threaded  anchor  bolts  at  each  end.  Thus 
-  ,  r.-Asimum  end  shear  in  rebound  is  limited  to  the  yield  resistance  of  these  anchor  twits. 
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The  yield  stress  under  rapid  loading  conditions  for  these  bolts  is  not  known,  but  the  value 
of  03  ksi  used  for  the  yield  stress  of  the  intermediate  grade  reinforcing  inigat  be  slightly 
high,  because  the  steel  was  probably  similar  to  a  hot-rolled  SAK  1015  type.  The  end  shear 
in  rebound  that  the  bolts  could  develop  was  assumed  to  be  approximately  53  kips;  a  valie 
computed  using  the  area  at  the  roots  of  the  two  7/8-inch  diameter  threads  and  a  stress  of 
f>3  ksi.  Approximating  ra  (the  rebound  stress  as  limited  by  anchorage  resistance)  as 
equivalent  pressure  on  the  slab  surface: 


“'a  2  (53,000) 

ra  ti/a  '  24  (75.75) 


58  psi 


when  la  is  the  span  between  anchor  boits.  The  expression  for  ra  is  in  error,  because 
the  end  shear  is  not  precisely  half  the  total  slab  resistance  in  the  dynamic  case. 

The  above-computed  value  is  much  smaller  in  most  cases  than  the  rebound  response 
calculated  for  an  end  anchorage  assumed  to  be  sufficient  to  prevent  end  displacement. 
However,  the  end  shear  that  can  be  developed  in  rebound  can  be  greater  than  the  yield 
load  of  the  anchor  bolts  because  of  friction  between  the  soil  and  the  ends  of  the  slabs.  It 
is  not  possible  to  state  confidently  a  value  for  this  friction  '  rce.  However,  for  order- 
ot-maemtude  estimates,  the  friction  force  can  be  considereu  to  be  a  unit  shear  of  one- 
fjurth  the  overpressure  value  (average  normal  pressure  on  end  of  slab  is  assumed  tc  be 
roughly  one-half  the  overpressure,  and  coefficient  of  friction  between  slab  and  sand  back¬ 
fill  to  be  0.50).  At  the  time  of  maximum  rebound  the  overpressure  at  Station  360.01 
would  have  been  in  the  neighborhoou  ui  400  psi,  and  at  Station  360.02,  in  the  neighborhood 
of  150  psi.  Taking  rfi  to  be  the  uniform  pressure  on  the  slab  surface  that  would  statically 
develop  ^  unit  shear  at  the  slab  ends  equal  to  one-fourth  the  above  surface  overpressure 
levels 


0.50  p(t) 

rs  - 

‘s 

Where:  h  =  slab  height  in  Inches 

p(t)  -  400  psi  at  360.01,  150  psi  at  360.02 
fs  -  lengtn  of  slab  -  88  inchf  a  at  360.01,  82  inches  at  360.02 

The  pressure  values  expressing  rebound  stress  attributable  to  anchor-bolt  stress  ra. 
and  to  soil  friction  r«.  have  been  converted  to  the  pressures  r*  and  r’  respectively  which 
will  give  tne  tame  values  of  center  moments  on  the  span  (center  to  center  of  supports). 
This  span  was  used  for  compulation  of  the  rebound  resistance  rr;  thus,  the  values  r'aand 
r'a  can  be  used  for  comparison  with  rf. 

In  Table  4. IS  :he  values  of  r*0,  r’:. .  r'a  +  i’s,  and  rr  are  tabulated  for  each  slab.  The 
observed  response  in  rt  bound  is  aisr.  indicated  by  a  statement  as  to  whether  ier.s"p  crack¬ 
ing  at  the  top  of  the  slab  was  noted. 

It  must  be  emphasized  that  the  values  set  upon  the  quantities  discussed  'a.ciiab'e  re- 
c,  and  resistance  rr,  required  rebound  resistance  for  nc  cracking  assuming  adequate  an¬ 
chorage  r'r.  and  the  rebound  resistance  which  could  be  developed  by  anchorage  r'a  ♦  r’s) 
are  approximate,  because  the  computations  for  these  quantities  required  the  estimation 
of  poo’iy  defined  parameters  such  as  tie  dynamic  modulus  of  rupture  of  the  concrete  and 
the  period  of  the  slabs  in  rebound.  At  the  best,  these  quantities  carry  about  one  signifi¬ 
cant  figure*,  and  r'r,  which  is  very  sensitive  to  the  precise  time  history  of  the  dynamic 
response  and  loading  function,  is  certainly  only  an  order-of-m^-'  i.ude  quantity. 

Ce  t  nn  conclusions  can  be  drawn  with  reliability  from  the  results  summarized  in 
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Table  1.15.  The  low  degree  of  roliouivl  response  noted  in  tile  pnm-ct  is  pr'iliaM', 

due  to  the  weak  uplift  anchorage  which  existed.  The  calculations  indicate  that  with  strong 
anchorage  against  uplift,  negative  moment  of  a  magnitude  sufficient  to  crack  the  top  of  the 
slab  would  have  occurred  in  most  slabs.  Thus,  in  a  location  where  such  slabs  wiii  be 
firmly  held  down,  reinforcing  stee!  will  be  required  to  aid  in  carrying  the  rebound  stress¬ 
es,  if  cracking  in  rebound  is  to  be  prevented.  It  appears  from  the  test  results  that  tise 
weak  anchorage  used  was  adequate  to  prevent  permanent  displacement  of  the  slabs  from 
their  supports;  where  such  anchorage  techniques  are  permissible,  they  appear  to  offer 
good  protection  against  rebound  failures. 

Considet ations  other  than  available  anchorage  resistance  limit  the  accuracy  of  the 
teciiiiiquc  uscu  In  compute  r'j. ,  the  rebound  resistance  required  to  prevent  era.;. eng. 
Assuming  that  the  natural  periods  in  normal  and  rebound  response  were  known,  .1  would 
still  be  impossible  to  predict  precisely  the  maximum  positive  response  because  of  the 
limited  reliability  of  the  resistance  function  for  the  slabs  and  the  additional  forces  of 
doubtful  magnitude  acting  on  the  slab  through  soil  pressure  at  the  ends  and  friction  at  the 
supports.  The  required  rebound  resistance  varys  markedly  for  slight  changes  in  time  ol 
maximum  positive  response  because  of  the  change  of  overpressure  with  time.  In  the 
calculations  for  r1  ,  no  attempt  was  made  to  take  careful  account  of  tne  overpressure¬ 
time  variation  since  the  time  of  maximum  response  is  poorly  defined.  At  both  stations, 
the  overpressure  decayed  very  slowly  beyond  a  pressure  of  about  on**-third  »hc  peak 
value.  The  weaker  slabs,  which  underwent  large  nonelastic  positive  deflections,  may 
have  rebounded  in  this  time  region.  If  such  is  the  case,  the  r’r  values  for  these  slab.-, 
are  quite  excessive  since  the  value  of  r*r  becomes  significantly  reduced  when  6m.  6V 
passes  2.0  and  t^/T  exceeds  6.0.  The  use  of  the  amplification  factor  /7p"l  (or.  the 
values  obtained  from  the  charts  ir.  Reference  27  for  r  )  to  account  for  the  change  in 
period  of  the  slabs  in  rebouru  is  an  approximation  strictly  correct  only  for  response  to 
an  impulse  loading.  The  analyses  for  r'r  do  not  consider  the  effects  of  damping,  which 
would  limit  rebound.  Damping  could  be  particularly  significant  in  cracked  slabs. 

The  values  of  rr,  available  rebound  resistance,  were  computed  using  a  rule-of-thumb 
n.15  Pc  for  the  modulus  of  rupture  of  the  concrete  and  assuming  a  homogeneous  section 
of  the  full  cross-sectional  area  of  the  slab  to  be  effective.  Slr.Ts  that  yielded  durina 
positive  deflection  and  cracked  in  the  region  above  their  midheight  would  have  reduced 
areas  available  for  carrying  tensile  stresses  and  thus  a  reduced  rr . 

Ground  movements,  depending  on  their  amplitude  and  timing,  could  have  a  major 
effect  on  the  rebound  rcspo.isc — the  effects  could  be  detrimental  or  beneficial,  and  quite 
logically  different  for  slabs  at  the  same  station.  No  adequate  information  is  available 
for  determining  the  effects  of  ground  motion  or.  individual  slabs.  A  general  discussion  on 
the  possible  magnitude  of  ground-metion  effects  is  given  in  Section  4.3.5. 

4.4  EVALUATION  OF  RESISTANCE  TO  OTHER  MODES  OK  FAILURE 

4.4.1  Genera^  Approach.  The  evaluation  of  the  stren'jths  of  these  members  in  other 
*.K/UC5  is  basically  dependent  on  the  analysis  of  their  response  m  flexure.  As  in  the 
Tatic  case,  the  desired  mode  of  response  is  flexure,  because  the  member  is  ter  more 
ductile  in  this  mod*'  than  in  shear  compression,  shear  anchorage,  bond  and/or  bearing. 
Aiso,  as  in  ’.he  static  case,  the  objective  in  the  analysis  is  to  determine  whether  the 
member  nh-'uld  have  failed  in  one  of  these  less  desirable  modes  before  reaching  its 
compute,  uexural  strength. 
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i.4.2  Ci.n. king  out i.gui.  As  stated  ir.  Section  5.1.4.  diagonal  tension  cr.,ckj 
develop  before  a  member  can  fail  ill  shear  compression  or  shear  anchorage.  For  that 
reason  tne  cracking  strength  of  each  member  was  determined,  using  Equation  5.2! .  Tin 
use  of  tins  expression  implies  two  assumptions  in  the  dynamic  ease:  11}  tin-  effect  of  rapid 
stress  !>••  strain  rate  on  the  cracking  strength  may  be  accounted  for  by  allowing  for  an  in¬ 
crease  tn  concrete  strength  only,  and  f2i  if  crack  formation  is  a  lime-dependent  phenome¬ 
non,  sufficient  time  elapsed  during  the  response  of  the  member  to  permit  the  crack 
form.  These  same  assumptions  are  implied  in  the  application  of  the  formulas  for  sheaf - 
compression  shear-anchorage,  bond  and  bearing  strengths. 

"he  ratio  of  N  to  >’  ' axial  force  to  shear  at  the  supports)  varies  with  tune  as  the  slab 
responds.  For  a  first  approximation,  values  foi  N  were  obtained  fro ::..v  Interaction 
diagrams  f*>r  those  members  that  were  computed  to  have  yielded  under  the  combined  'oad- 
ing  condition.  Values  for  V  corresponding  to  the  yield  moment  were  obtained  from  the 
Iv  namiC-response  computations.  For  those  members  that  did  not  yield,  the  maximum 
values  of  N  ar.d  V  attained  during  elastic  response  were  obtained  from  the  response  e  uv- 
pulations.  A  consistent  set  of  vatuos  of  X  and  V  may  be  obtained  by  iteration,  using  the 
value  of  N  corresponding  to  the  computed  value  of  the  reaction  ir.  eacii  successive 


'•■imputation. 

Initially,  ro  allowance  was  mauo  for  an  increase  in  the  strength  of  the  concrete  due  to 
uuid  stress  rate,  because  it  is  not  clear  what  stress  or  strain  rate  is  applicable  If  an 
increase  in  strength  of  50  percent  i t  assumed,  the  cracking  s'rength  would  be  increased 
bv  only  22. -5  percent,  because  the  cranking  strength  is  expressed  as  a  function  of  the 
square  root  of  the  concrete  strength  in  Equation  4.111. 

The  results  of  these  computations  shown  in  Tables  4.16  aoJ  4.17  indicate  that  incimed 
cracks  should  have  developed  in  all  members  at  both  stations  even  if  a  considerable  in¬ 
ti  ease  in  concrete  strength  were  allowed.  However,  it  should  be  noted  that  most  of  the 
slabs  had  span-depth  ratios  beyond  the  range  for  which  the  expression  was  stated  to  be 
applicable.  Even  for  those  slabs  whose  span-depth  ratios  were  greater  than  11.2  the  ex¬ 
pression  appears  to  be  conservative,  if  it  is  applicable  at  ail  to  dynamic  response. 


l.4.o  Shear-Compression  Strength.  Equation  4.3  was  used  to  com;-  jtv.  the  static  shear 
compression  strength  of  each  member,  recognizing  that  the  validity  of  the  expression  mis 
not  been  established  for  deep  members  even  under  static  loads.  The  effect  of  the  rapid 
strair  rate  was  computed  by  using  the  time  to  yield  or  time  to  maximum  elastic  deflection, 
whichever  is  applicable.  It  was  assumed  that  if  the  slab  were  going  to  fail  in  shear  com¬ 
pression,  the  strain  in  the  concrete  above  the  crack  must  lie  0.004  in.  in  at  the  time  of 
yield  lor  maximum  elastic  deflection)  or  earlier.  This  reasoning  led  to  strain  rates  of 
approximately  2  in  in-sec.  From  Figure  4.13,  the  effect  of  such  a  straining  rate  is  to 
increase  the  strength  of  the  concrete  approximately  50  percent. 

The  computed  siiear-compreasior.  strer.gt.ts  of  the  members  ate  compa ■  m  .ai'iot* 
computed  flexural  strengths  in  Tables  4.18  and  4.i3.  Note  that  the  computed  static  sticar- 
c-omnression  strength  is  greater  than  the  computed  dynamic  yield  and  ultimate  moments 
ia.. turning  no  axiai  forces  acting'  wid,  the  single  exception  oi  Slab  5t>-i  at  Station  Sno.ol. 
This  slab  did  mt  appear  to  be  cracked  at  all  and  thus  could  not  have  failed  in  shear- 
eonipression. 

The  estimated  dynamic  shear-compression  strengths  of  the  members  arc  greater  than 
the  estimated  m  xi:  um  resisting  moments  attained,  except  for  Slab  44-4.  The  estimated 
maximum  resisting  moment  attained  is  the  dynamic  yield  moment  obtained  from  the  inter¬ 
action  dir-tram  for  'hose  members  that  were  computed  to  have  ielded  under  the  combined 
loads.  .  ,.u  the  maximum  elastic  resisting  moment  obiained  from  the  response  computations 
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for  those  that  did  not  yield  under  the  combined  loading. 

in  these  computations,  no  consideration  was  given  to  the  effect  of  the  axial  loads  on 
•in  shea i- -compression  strengths  of  the  members,  although  i1  .s  quite  likelv  that  the 
axial  loads  w  raid  increase  the  shear -compression  strengths,  as  previously  disci  ssed. 
Thus.  if  Equation  -1.3  were  applicable  to  deep  Drams  under  d\  nanne  i.uds.  at  all  H 
would  be  conservative  when  applied  to  deep  members  under  the  loading  •■oi.dition.-> 
encountered  in  these  tests. 

4.4.  I  Shear-Anchorage  Analysis.  If  rotary  inertial  forces  are  i gained,  the  average 
shear  stress  on  the  failure  plane  at  the  yield  moment  t Figure  I.J'm  may  he  computed  from 
me  following  expression: 

T 


v.. 


_:i  y 

I  c  t  ft. ad1  i 


».3.j  p  DU’ 
v 


t4.4L-  i 


Where:  v., 

■‘y 
cf  ' 


average  shear  stress  or  the  failure  plane,  ps: 
tensile  force  in  the  steel  at  yield,  pounds 

coefficient  of  friction  between  slab  and  support,  assumed  to  be  »..»  for 
these  computations 

instantaneous  value  of  the  reaction  at  the  yield  moment,  pounds 
width  of  slab,  inches 
width  of  3upp.n  i,  mches 

distance  from  the  centroid  of  the  tensile  steel  to  the  bottom  of  the  slab, 
inches 


instananeous  value  of  the  overpressure  at  the  surface  at  the  time  <:f  yield, 
psi 


Equation  4.42  above  ignores  the  slight  increase  in  pressure  assumed  to  exist  between 
the  bottom  of  the  slab  and  the  level  of  the  tensile  steel.  However,  the  contribution  of  the 
lateral  pressure  is  so  small  ton  the  order  of  loo  psi  for  the  deepest  inem'“*’**“  ,K'*t  ,y'- 
last  term  of  the  numerator  may  be  ignored  entirely  without  seriously  affecting  he  results. 

The  shear-anchorage  capacity  of  the  member  may  be  determined  b>  means  of  the 
following  expression  obtained  from  Equation  4.4: 


Where:  v  maximum  shearing  stress  capacity  of  the  member,  pst 

K  -  i*«  uiht.iiu  tl.vpt  j.tot  iif  t  .t.  .alio. if  me  sir.  tig,:,  it  i..l  ,  a.  li>,  *  — otd 

stressing  rate  to  the  cylinder  strength  under  standard  test  conditions 
f*(.  .  joacrete  cylinder  strength  urder  standard  test  conditions,  psi 
fby  instananeous  value  of  the  bearing  stress  at  yield,  psi 

The  value  of  the  constant  k  was  determined  by  computing  the  rate  of  stressing  m 
bearing  at  the  supports.  It  was  assumed  that  there  is  a  linear  relationship  between  shear 
strength  of  •». .  concrete  at  a  given  stressing  rate,  and  the  compressive  strength  obtained 
from  tests  of  cylinders  at  the  same  stressing  rate.  Further,  •»  was  assumed  that  the 
c*-i  at  tne  failure  plane  was  subjected  to  the  same  stressing  rate  as  the  conc-ete 
•  tile  supports. 
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'I  iii-  results  ”1  those  c->mpuiati<>ns  are  e<»mpareu  with  obsci  vt-.i  response  m  i  .-i.  , 

».20  aivJ  4.21.  Slabs  in  the  21,  20,  21,  •!•!,  and  5i>  series  did  no;  reaeh  the  \ iel.l  momi.ii 
ijiidei  •.he  combined  loading  aceoixling  to  previous  computations.  For  these  slabs.  :!.•* 
tensile  force  in  the  steel  was  assumed  to  In-  T  j  for  computation  of  the  shear -anenoraio 
sttess  by  Kquatioii  i .  4  2 ,  and  the  inaximuiii  computed  valut  of  the  bearing  stress  w_..-  u..t-l 
in  Kquation  4.43  for  computation  of  v  .  Thus  the  computed  shear  anchorage  stresses  !<•: 
these  members  are  probably  higher  than  the  stresses  attained,  whereas  tiie  caii.p.U  . 
capacities  are  the  maximum  shear -anchorage  stress  capacities  the  members  eo..l  1 
attained  during  response. 

According  to  utcse  computations,  none  of  the  slabs  should  base  fate  -i  in  --hear- 
anchorage,  but  Slab  28-1  may  have  done  so.  When  the  slab  was  removed.  the  coi.c-ett 
below  the.-  shear -anchorage  failure  plane  and  the  principal  inclined  cracks  remained  m 
place  or.  ’he  foundation.  Some  of  the  slabs  Contained  vertical  web  reinforcement,  whici: 
undoubtedly  helped  to  resist  shearing  forces  at  the  anchorage.  However,  the  following 
slabs  had  no  vertical  reinforcement  and  are  therefore  comparable  to  2s- 1,  .pi-  i ,  34  -2. 
36-4,  14-1,  44-3,  am*  56-2.  Of  these,  36-1  and  3(1-3  develofied  inclined  cracks  -at  one 
end  onh )  but  did  not  fail  in  shear -anchorage.  For  both,  the  ratio  of  the  computed  average 
shearing  stress  attained  to  the  computed  shearing-stress  capacity  was  slighilv  less  than 
for  Slab  28-1,  but  this  may  tot  be  significant. 

The  fact  that  no  inclined  cracks  developed  in  the  other  slabs  without  vertical  steel  i  = 
significant,  however,  because  the  development  of  an  inclined  crack  is  a  necessary  con¬ 
dition  for  shear -anchorage  failure.  Previously  discussed,  it  is  quite-  probable  that  the 
existence  of  axial  forces  prevented  inclined  crack  formation  :n  those  members. 

In  view  of  these  considerations,  it  is  not  clear  whether  Slab  28-1  happened  to  be  weak 
in  shear-anchorage  or  whether  the  equations  used  to  ana  tyre  the  members  are  not  appli¬ 
cable  to  the  dynamic  ease.  It  is  possible  that  the  failure  described  occurred  during 
relwund  and  is  not  a  shear-anchorage  failure  at  all. 

The  data  contained  in  Table  S.21  for  Station  300.02  contains  little  information  of  value. 
With  the  possible  exception  of  Slab  21-1.  none  of  these  members  developed  inclined 
cracks. 

4.4.3  Bond-Stress  Analysis.  The  average  bond  stress  developed  at  the  anchorage  when 
the  tensile  steel  reaches  yield  may  be  computed  from  the  following  expression: 


Where:  ua  average  bond  stress,  psi 

Ty^  total  tensile  force  in  the  steel  when  the  dynamic  vivid  point  is  reached. 

POUIHJB 

-  sum  of  the  perimeters  of  the  reinforcing  bar?,  inches 
>■  support  dimension,  inches 

!n  addition  *.o  assuming  that  the  dynamic  yield  point  was  attained  in  the  tensile  steel, 
the  above  expression  presumes  the  formation  of  inclined  cracks  near  the  supports.  While 
most  of  the  members  tested  did  not  exhibit  such  cracks,  some  did.  By  comparing 
stresses  computed  in  those  members  which  developed  inclined  cracks  'and  ir.  which  the 
dynamic  yield  point  may  have  been  reached  in  the  tensile  steel i  with  stresses  eompuleu 
m  those  :  irmbers  which  did  not  crack,  it  may  be  possible  to  determine  whether  the  latter 
would  :  ;-ve  failed  in  bond  before  the  flexural  yield  resistance  was  attained  despite  the  lack 
of  an  adequate  critcrioi,. 
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It  is  i;ot  clear  whether  an  allowance  should  be  itiade  for  an  increase  in  bona  Mreng'.ii 
because  of  the  rapid  stressing  rate.  Brief  consideration  of  the  state  of  stress  ir  the 
concrete  at  the  level  of  the  steel  above  the  supports  leads  to  the  conclusion  that  Irictioii 
between  the  eoncreie  and  the  steel  •nay  plav  an  important  role  in  determining  bond  strength. 
As  noted  under  Section  •1.1.4,  the  stress  conditions  around  the  stee.  (in  the  tests  upon  which 
present  bond-strength  criteria  are  basedi  are  not  similar  to  those  encountered  a.  the  an¬ 
chorage  in  tests  of  deep  members.  In  vis  w  .if  the  foregoing,  the  stresses  computed  bv 
liquation  4.44  were  compared  to  the  static  concrete  strengths  obtained  iron'  standard 
cylinder  tests.  The  results  of  these  computations  ".re  compart..!  with  the  observed  response 
in  Tables  1.1!-  and  4.23,  for  members  at  Stations  3i50.ni  and  3Go."2.  respectively  None 
of  the  members  showed  signs  of  bond  failure  at  tile  anchorage. 

Because  none  of  the  members  at  Station  300.02  developed  inclined  . -aci.s,  nothing 
definite  can  be  learned  from  those  computations.  However,  at  Station  a  number  of 

the  test  slabs  did  develop  inclined  cracks.  The  highest  ratio  of  computed  average  bond 
stress  to  static  cylinder  strength  attained  in  such  a  member  was  <‘.273  for  Slab  2"~1.  Be¬ 
cause  ‘he  computed  average  bearing  stress  at  yield  was  less  for  this  member  tlian  for  the 
others,  it  is  probable  that  none  of  the  members  that  did  not  attain  flexural  yield  resistance 
would  have  failed  in  anchorag; .  This  statement  >5  based  on  the  assumptions  Uiat  the  value 
of  the  compressive  sttess  in  the  concrete  at  the  level  of  the  steel  is  approx! matelv  the 
same  as  a',  ihe  support  and  that  the  anchorage  bond  strength  of  a  member  is  affected  by 
the  value  ox  vertical  compressive  stress  in  the  concrete  at  the  level  of  the  steel. 

4.4.6  Bearing-Stress  Analysis.  The  average  value  of  the  bearing  stress  at  any  time- 
may  be  computed  by  dividing  the  instantaneous  value  of  the  reaction  by  the  area  of  support. 
For  a  member  with  a  elastopiastic  resistance  function,  the  reaction  is  that  corresponding 
to  the  yield  moment.  If  the  yield  moment  is  not  attained,  then  the  maximum  value  of  the 
reaction  may  be  obtained  from  the  dynamic-response  computations. 

For  purposes  of  comparision  with  bearing  strengths,  computed  as  outlined  below,  three 
sets  of  bearing  stresses  were  computed;  those  corresponding  to  the  yield  moment  assum 
ing  that  the  member  was  subjected  to  vertically  applied  forces  only  "by-  those  corre  - 
spending  to  the  yield  moment  assuming  the  member  was  subjected  to  the  c..o«»i,. 
assumed  combined  loading  condition  <f^ai  ,  aid  those  corresponding  to  the  maximum 
value  of  the  reaction  assuming  the  members  remained  clastic  "bm^1* 

For  determination  of  the  bearing  strengths,  it  was  assumed  that  the  static  bearing 
strength  of  each  member  was  equal  to  the  concrete  cylinder  strerqfth  for  that  member.  In 
this  manner  some  allowance  was  made  for  the  unknown  effect  of  confinement  by  lateral 
earth  pressure.  The  stressing  rate  was  computed  by  dividing  the  bearing  stress  by  the 
lime  required  u>  attain  that  stress,  that  is,  either  the  time  to  yield  or  the  time  to  maxi¬ 
mum  elastic  riMpnc!;"".  fi-n’V  ~  '■•'•"sr-raic  foes.-v  vis  frir.;  Figure-  S.tO. 

Note  that  the  si -easing  rate  computed  is  the  average  easing  lave  during  response, 

A  number  of  investigators  have  noted  that  the  rate  at  which  the  iast  30  percent  of  the  load 
is  applied  determines  the  compressive  strength  of  concrete  c;  iirJcra.  Because  the  stress- 
time  relationship  at  the  support  has  the  general  shape  of  a  cosine  curve,  the  use  «f  ;he 
average  stressing  rate  may  underestimate  or  overestimate  the  effect  of  the  dynamic  load¬ 
ing  on  the  bearing  strength  in  some  cases.  However,  in  view  of  other  unknowns  involved 
in  the  analysis  a  more  refined  determination  of  the  stressing  rate  hardly  seems  war¬ 
ranted. 

Ihe  results  of  these  computations  are  compared  with  the  observed  response  in  Tables 
4.2!  r.d  4.25  for  Stations  360.ni  and  360.02  respectively.  The  computed  hearing  strengths 
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iif  tht  slabs  at  Station  360.  n2  were  greater  than  the  computed  bearing  stresses  l*n  »•  »,*. 
of  ihf  bases  assumed,  and  there  '..as  r.o  evidence  of  bearing  failure  or  incipient  bearing 
failure.  Thus,  the  computations  and  the  observed  response  are  m  relative  agrterm  :t 
at  Station  360. u2. 

At  Station  360.01,  five  slabs  I3G-1,  36-3,  36-3,  36-4.  and  44-4  ■  shotted  evidence  of 
bearing  failure  or  some  sign  of  distress  over  the  support,  such  as  a  vertical  crack.  The 
computed  bearing  strengths  (Column  5  of  Tab'c  4.24)  are  much  greater  than  the  wm- 
puted  bearing  stresses  assuming  vertical  loading  only  (Column  2  of  Table  4.2 1>.  How¬ 
ever,  the  computed  bearing  stresses  achieved  under  the  assumed  combined  ioaumg 
(Column  3  of  T.ibie  -t.24s  are  approximately  equal  to  or  greater  tha,:  the  computed  bearing 
strengths  for  Slabs  36-1,  36-2,  36-3,  and  36-4  which  were  cracked  at  or  over  the  sup¬ 
ports.  For  Slabs  2()-l,  2(1-1,  2»-2,  28-3,  and  36-3,  which  showed  no  signs  of  cracking 
at  the  supjiorls,  the  computed  bearing  stresses  were  lower  than  the  computed  bearing 
strengths.  Thus,  for  these  nine  members,  very  good  correlation  was  obtained. 

According  to  previous  computations  based  on  the  assumed  combined  loadings,  none  of 
the  slabs  in  tlie  44-  and  36-inch  series  yielded.  Therefore,  the  bearing  stresses  tabu¬ 
lated  in  Column  1  of  Table  4.24  would  apply  to  those  slabs.  For  those  members,  the 
computed  maximum  bearing  strcp.'.es  were  greater  than  the  computed  bearing  strengths, 
whereas  only  Slab  44-4  showed  any  sign  of  incipient  bearing  failure.  There  are  many 
possible  explanations  for  this  discrepancy,  including  the  fact  that  errors  in  computing  the 
natural  periods  for  these  members  would  have  a  greater  effect  on  the  value  of  the  maxi¬ 
mum  reaction  than  for  those  a!-*  ,  v'*h.  longer  periods.  The  computed  periods  for  siabs 
in  the  44-  and  56-inch  series  are  cioser  to  the  value  of  the  rise  time  of  the  pressure 
pulse. 

It  is  interesting  to  note  that  in  the  cases  of  Slabs  36-1  through  36-4  and  44-4.  the 
'•omputed  bearing  stresses  assuming  vertical  loading  only  (f^v)  were  considerably  less 
than  the  static  bearing  strengths  of  their  respective  cylinders.  For  the  computed  bear¬ 
ing  stresses  to  be  equal  to  the  computed  dynamic  bearing  strengths,  the  yield  resistances 
of  these  members  would  have  had  to  be  increased  considerably  (2  to  3  times).  Although 
base  acceleration  may  account  in  part  for  an  apparent  increase  in  the  ficxura>  resistance 
of  the  slabs,  it  cannot  account  for  the  development  of  higher  bearing  stress**'  **—  *-• 
time.  Thus,  it  can  be  concluded  that:  (!)  the  yield  resistances  of  these  members  were 
probably  increased  by  the  existence  of  axial  forces,  or  (2)  the  cracking  observed  at  the 
supports  was  not  indicative  of  high  bearing  stresses.  The  cracks  must  be  attributed  to 
some  other  cause,  and  Conclusion  (1)  is  mere  probably  correct,  because  other  reuses 
undoubtedly  would  have  resulted  in  cracks  above  '.he  supports  of  some  other  members 
as  well. 


4.4.7  Pure  Shmr  t*  ( -  shat  the  state  of  stress  on  the  vertical  section 

adjacent  to  the  supp-ut  :s  not  one  of  pure-  shear.  That  term  has  been  osed  to  the 

fUess  !hal  sect i ‘  n  because  the  internal  moment  is  theoretically  zero  at  that  point.  In 

fict.  the  state  of  stress  on  a  unit  element  at  :  nv  depth  in  the  section  if  quite  complex, 
which  is  apparent  from  consideration  of  Figure  4.2.  The  existence  of  axial  loads  ami 
inclined  cracks  further  complicates  the  stress  state. 

Owing  to  the  complexity  of  the  problem,  past  effort  has  been  directed  toward  establish¬ 
ing  empirical  criteria  based  on  the  average  shearing  stress  on  the  section.  Reference 
I***  recommend-*  mf  t**e  following  expression  be  used  to  determine  me  ultimate  average 
shearing  stress  r.t  the  section,  recognizing  that  it  is  conservative: 
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'.Sucre:  v  ultimate  average  shearing  stress  <m  the  set  on 

Pc  concrete  strength  as  determined  by  standard  cylinder  test 

•I  out  ver,  as  indicated  m  Table  .V!i  of  Reference  2.  average  shearing  stresses  as 
high  as  !3  IV.  were  developed  at  the  vertical  section  adjacent  to  the  support  of  simpiv 
supported  deep  members  subjected  to  uniformly  distributed  static  load  without  resulting 
in  shear  failure. 

The  a  vet  age  shearing  stress  on  that  section  at  yield  was  computed  b>  the  following 
expression,  which  neglects  axial  load  etteets,  tor  the  one-way  s.abs  teste<i  under  Project 
"».•>: 

/ 

vsv  !j  "u-  l‘y  '  -V  <4.46. 

Where:  vsv  average  shearing  stress  on  the  vertical  Section  adjacent  to  the  suppoit 
when  yield  stress  is  reached  in  «ne  tensile  steel 

/  =  clear  span 

d  effective  d  ;pth 

P..  instantaneous  value  of  the  overpressure  -.r.  ‘.Hr,  slab  when  yield  occurs 
rv  -  yield  resistance 

The  results  of  these  computations  arc  compared  with  the  ultimate  stress  computed  bv 
Equation  4.45,  ami  observed  response  in  Tables  4.26  and  4.27  for  Stations  360.01  ami 
360.02  respectively.  Two  cases  were  computed:  one  assuming  the  mendier  to  be  sub¬ 
jected  to  vertical  loading  only,  and  the  other  assuming  the  member  to  Ik*  subjected  to  the 
combined  loading  conditions  defined  in  Section  4.3.4.  Note  that  none  of  the  slabs  failed  m 
pure  shear. 

At  Station  360.02  none  of  the  computed  shearing  stre  '-ses  at  yield  reached  the  ultimate 
average  shearing  stresses  computed  by  Equation  4.45.  However,  at  Station  3fi0.oi 
computed  average  shearing  stre&a  exceeded  the  computed  ultimate  average  shearing 
stress  in  several  members  ever,  for  the  case  of  vertical  loading  oniv.  as  shown  in  Table 
4.26  for  Slabs  2n-l,  36*1,  36-2.  36*4,  44-1,  and  44-2.  For  the  case  of  the  combined 
loading  condition,  ail  of  the  computed  average  shearing  sti  rases  exceeded  the  romp-ned 
ultimate  —  some  by  a  factor  of  2.0. 

Slabs  in  the  44-  and  5G-inch  series  did  not  reach  yield  according  to  the  previous  com¬ 
putations.  Fo-  these  members,  the  average  shearing  stress  on  '.lie  section  adjacent  to 
the  support  was  comoutcd  tusing  *he  maximum  value  of  t’rte  reaction  attained  during 
elastic  response i  i>.  the  following  expression: 

/  'max  , 

v,„  —  — — —  14.4.1 


Where: 


•  jcimum  value  of  average  rhear  stress  attained  during  c-isstic  response 
/  1  clear  span 

r  -  effective  span  (Center  tc  center  of  the  supports) 

L;  -  maximum  value  of  the  reaction  (obtained  from  clastic  response 
calculations) 
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b  width  of  siab 

d  effective  depth  of  slab 

It  is  apparent  from  these  computations  that  Equation  4.45  is  very  conservative,  if  th  • 
effect  of  the  axial  loads  on  the  flexural  yield  resistance  is  accepted.  As  discussed  in 
Section  4.4.0,  there  is  some  evidence  to  indicate  that  the  yield  resistances  of  these  mem¬ 
bers  were  increased  as  indicated. 

r  urthcr.  it  is  noted  that  no  consideration  is  given,  in  Equation  4.45.  to  the  effect  of 
rapid  stressing  on  the  strength  of  the  concrete.  Assuming  that  the  effect  of  the  stressing 
rate  or  the  shear  strength  is  proportional  to  the  effect  of  the  stressing  rate  on  the  com¬ 
pressive  strength  of  a  concrete  cylinder,  the  average  shearing  stress  cun  be  expressed 
as  a  function  of  the  dynamic  compressive  strength.  The  maximum  value  obtained  for  the 
ratio  of  the  average  shearing  stress  at  the  support  to  the  dynamic  compressive  strength 
of  the  concrete,  in  Table  4.2C,  is  0.203  (Slab  44-3). 

In  view  of  the  results  of  the  analysis  of  recent  static  tests  of  deep  beams  of  reinforced 
concrete  subjected  to  uniformly  distributed  load,  the  results  of  these  computations,  and 
brief  consideration  of  the  effect  of  the  stressing  rate,  it  is  believed  that  the  allowable 
ultimate  average  shearing  stress  t.t-.uid  be  increased  for  deep  slabs  or  beams  subjected 
\j  dynamic  loads.  Although  the  value  of  the  average  stress  at  which  a  vertical  shear  fail¬ 
ure  will  occur  has  not  been  established,  the  available  evidence  indicates  that  U.t  preia-i.i 
criterion  is  too  conservative. 
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1  AIM.E  1.8  CDMI’I  TATIONS  FOR  I'Ll  I  MATE  MOMENT  IN  ELEXCHE  I’NDIIH  VNIF'ORM 
VERTICAL  LOADING  ALONE  FOR  ONE-WAY  SLA  US 


tiltimatc  compressive  strain  of  concrete  1 1|  0.1*04  in  in 


k.  11.12 


•'.004  Ik,  ka  I*c  -  |i  fK ) 

<S  Ms 


k3  taken  from  Figure  4.1  A.  using  a  strain  rate  obtained  by  assuming  t  u  to  be  attained  in  one 
quarter  the  slab  period. 


Slab 

Period 

T 

Reinforeement 
Ratio 
p  As  Txt 

kj 

f*e 

ku 

*u  ‘u ' ‘s 

Moment 

M„  U  Afi 

il  —  k,  k, 

10  f  see 

psi 

ksi 

10*  in-lb 

20-1 

8.3 

6.0147 

1.53 

5,410 

63.11 

0.136 

8.498 

28-1 

7.1 

n.noos 

1.54 

6.679 

67.22 

0.076 

1 2.079 

2H-2 

til 

0.0008 

1.34 

6,900 

67.37 

0.072 

12.147 

28-3 

7.1 

6.0098 

1.34 

6.371 

67.15 

0.077 

12.076 

36-1 

3.0 

0.0102 

1.35 

6.845 

67.19 

0.073 

20.736 

30-2 

5.0 

0.0102 

1.55 

7.020 

67.30 

0.0729 

20.790 

20-3 

6.2 

0.0077 

1.55 

6.832 

68.56 

fi.057 

16.005 

30-4 

5.5 

0.0148 

1.57 

6,180 

65.52 

0.0904 

29.099 

30-5 

6.6 

0.0051 

1.54 

6.310 

70.63 

0.0421 

11.102 

44-1 

5.2 

0.0100 

1.57 

6,208 

66.91 

0.0796 

30.225 

44-2 

3**i 

0.0075 

1.57 

6.744 

68.72 

0.0558 

2X538 

44-3 

5.9 

0.0050 

1.55 

6,238 

70.76 

0.0432 

16.300 

44-4 

6.6 

0.0025 

1.54 

6,614 

Rupture 

0.0227 

9.050 

36-1 

4.0 

0.0049 

1.58 

6.586 

71.43 

0.0394 

26.266 

36-2 

4.9 

0.0049 

1.58 

6,328 

71.13 

0.0410 

26,130 

11-1 

12.3 

0.0150 

1.49 

3,628 

65.09 

0.137 

2tr- 

16-1 

10.1 

0.0104 

1.51 

5.443 

86.11 

0.0975 

4.038 

16-2 

0.43 

0.013 

1.52 

5.609 

65.13 

0.1346 

5.619 

16-3 

9.45 

0.015 

1.52 

5.535 

65.10 

0.1365 

3.642 

21  1 

8.3 

0,0093 

1.53 

6,882 

67.57 

0.0740 

0.693 

21-2 

8.3 

0.0093 

1.53 

6.117 

67.04 

0.0773 

6.634 

21-3 

9.3 

0.0053 

1.52 

6,587 

70.55 

0.0424 

3.859 

21-4 

9,3 

0.0053 

1.52 

6,273 

70.22 

0.0444 

3.S..7 

21-5 

7,7 

9.0149 

1.54 

5,821 

65.28 

0.1274 

9.750 

21-6 

8.7 

0.0079 

l.n? 

it  654 

0.0(13 

5.  IT. 

26-1 

7.4 

0,0078 

1.54 

6,688 

68.35 

0.0598 

8.438 

26-2 

8.3 

0.O050 

1.53 

5.932 

70.29 

0.0440 

5,5(8 

20  3 

7.1 

0.0099 

1.54 

5,i03 

66.20 

0.0537 

10.229 

31-1 

6.9 

0.0048 

1.54 

5,917 

70.59 

0.0422 

7.643 

31-2 

6.9 

0.0048 

1.54 

6,692 

72.52 

0.0357 

7.710 

M 
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n  mu.}  i.s*  comparisons  of  computed  fi  fxckal  risponse  indlu  '..mcik/ai.  m>  urxu  .\u >nl 

WITH  OBSERVED  RESPONSE:  STATION  .Uiir.nl  ONE-WAY  SLABS 


l'rmi|H!tiil  P.irumcti-r* 

Computed  Response 

Yii'ld 

Ultimatc 

Ductility 

Maximum  Deflection 

t  Swerved  Residual  Dt  fleet  inn 

Resistance 

Hcaiatuncv 

Factor 

Yield  Deflection 

Response  VielJ  Deflection 

ry 

ru 

u 

°m/6y 

psi 

psi 

2«-l 

408 

442 

7.8 

•’•lilurc 

Extensive  vertical  crack* 

M 

28-1 

540 

028 

15.5 

Failure 

Failure,  no!  in  fk.\un 

N  A 

28-2 

540 

033 

lo.o 

Failure 

Midspan  vertical  cracking 

0.7 

28-3 

540 

028 

13.2 

Failure 

Midspan  vertical  cracking 

0.7 

2H-I 

OIO 

1 .080 

13.3 

0,5 

inclined  cracking 

0,3 

No  renter  vertical  cracking 

30-2 

04‘> 

1,082 

13.7 

0.5 

No  cracking 

0 

36-3 

712 

835 

20.6 

Failure 

Inclined  cracking 

0.3 

No  center  vertical  cracking 

30-4 

1,337 

1,515 

0.7 

1.8 

No  cracking 

o.l 

30-3 

477 

573 

37.0 

Failure 

Midspan  vertical  cracking 

1.4 

44-1 

1,379 

1,573 

11.1 

1.6 

No  cracking 

-0.3 

44-2 

1.043 

1,226 

ls.:> 

4.4 

No  cracking 

-o.i 

44-3 

710 

850 

32.3 

20 

Midapan  vertical  craca.  i  t 

0.2 

J4-4 

302 

471 

88.0 

Failure 

Midspan  vertical  cracking 

1.3 

56-1 

1,130 

1,308 

31.1 

3.7 

No  cracking 

0 

30-2 

1.130 

1.300 

•P'  * 

3.7 

No  cracking 

-0.4 

*  Prom  posttcst  mrm  data. 


TABLE  4.10  COMPARISONS  OF  COMPUTED  FLEXURAL  RESPONSE  tlNDOt  VERTICAL  LOADING  ALONE 


WITH  OBSERVED  RESPONSE: 

STATION  380,01  ONE-WAY  SLABS 

Computed  Parameters 

Computed  Rsspoesc 

Yield 

Ultimate 

Ductility 

Maximum  Deflection 

Observed  Residual  Deflection  * 

Resistance 

Resistance 

Factor 

Yield  Deflection 

Rispotwc  Yield  Deflection 

ru 

V 

0* 

psi 

11-1 

136 

151 

10.3 

Failure 

Light  midapnn  crack 

-0.1 

16-1 

202 

227 

15,8 

6.6 

No  cracking 

-0.1 

10-2 

286 

317 

8,6 

1.8 

No  cratddng 

*0.3 

16-5 

286 

317 

8.t 

1.8 

Light  midspan  vertical 

•  0.1 

crack 

21-1 

326 

376 

19.4 

1.3 

Light  vertical  cracking 

-0.1 

21-2 

326 

374 

17.2 

1  3 

No  c  s  eking 

-0.1 

21  3 

182 

217 

49.8 

14 

Light  vertical  cracking 

*6.3 

21-4 

182 

217 

47.6 

14 

Light  vertical  cracking 

*  *».3 

21-3 

492 

541 

8.0 

No  yield 

Slight  vertical  crack. 

*0.05 

or»c  aide 

21  -6 

*68 

3n? 

2$.* 

3.3 

Sligtd  *t<  deal  crack. 

O 

one  aide 

26-1 

4n7 

474 

41.7 

1.05 

No  cracking 

*0.3 

26-2 

263 

313 

3S.5 

3-2 

No  cracking 

0 

26-3 

510 

57# 

12.1 

No  yield 

No  t  racking 

-0.2 

31-1 

359 

129 

3n.| 

1.15 

pooaibh  cracked,  one  side 

•  0.2 

31-2 

359 

433 

46.5 

1.15 

No  cracking 

-  0.2 

*  Fr~. 

•  IN) attest  survey  data. 

%1 
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TABLE  UI  COMPARISON  OF  COMPUTED  FLEXURAL  HKSPOXSK,  UNDER  COMBINED  IIENDING 
AND  AXIAL  LOADS,  WITH  OBSERVED  RESPONSE:  STATION  :lCo.n|  ONL  WAY  SLABS 


Yield  * 

Computed 

Residual  Deflection 

Resistance 

Response 

observed  Hestsmsc 

Yield  Deflection 

rv 

um  **> 

*'m  "v 

psi 

2»-l 

383 

Failure 

Extensive  vertical  cracking 

M 

‘Jim 

0.3 

Shear-anchorage  failure 

N.  A 

•j*m 

o,3 

Inclined  and  Vet  tiea!  cracking 

0.7 

2**3 

iiim 

0.3 

inclined  ami  vcltical  cracking 

0.7 

:u\~  i 

I.S33 

t.I 

Inclined  cracking,  one  end 

0.3 

3G-2 

1,833 

1.1 

Corner  cracked,  one  support 

0 

341-3 

1,0*7 

1.23 

I.iclined  cracking,  one  cral 

!:,3 

SB- » 

UWt 

l.t 

No  visible  cracks 

0.1 

3*1-3 

1.320 

1.3 

Inclined  and  vertical  cracking 

t.4 

14-1 

No  yield 

No  visible  cracks 

-0.3 

11-2 

No  yield 

No  visible  e racks 

-0.1 

'*-:i 

Ne  ield 

One  crack  at  midspan 

0.2 

.  |..i 

No  yield 

Fine  inclined  and  vertical  cracking 

1.3 

No  yield 

No  visible  cracks 

0 

3B-2 

No  yield 

No  visible  cracks 

-0.4 

*  From  interaction  diagrams.  *  From  posttert  survey  data. 


TABLE  4 .12  COMPARISON  OF  COMPUTED  FLEXURAL  RESPONSE,  UNDER  COMBINED  BENDING 


AND  AXIAL  LOAD.  WITH  OBSERVED  RESPONSE:  STATION  360.02  ONE-WAY  SLABS 

Slab 

Yield  * 
Resistance 
rv 

Computed 

Response 

"m  "y 

Observed  Response 

Rcsiduil  Deflection  t 
Yield  Deflection 

P*i 

It-t 

164 

Failure 

One  light  midspan  crack 

0.1 

10- 1 

2!nt 

1.3 

No  visible  cracks 

-0.1 

16-2 

334 

1.2 

No  visible  cracks 

•  0.3 

16-3 

334 

J#<* 

one  light  mklspan  crack 

n.l 

21-1 

— 

No  yield 

Very  tight  vertical  cradling 

-0.1 

2i-2 

— 

No  yield 

No  visible  cracks 

0.1 

2! -3 

334 

1.? 

Light  vertical  cracking 

-0.3 

21-4 

334 

1.2 

UgM  vertical  cracking 

0.3 

21-3 

— 

No  yield 

Short  vertical  crack,  one  aide 

0.03 

21-6 

—  , 

No  yield 

Short  vertical  crack,  um  side 

0 

;..-l 

— 

No  yield 

No  visible  cracks 

«*3 

26-2 

— 

No  yield 

No  visible  cracks 

0 

26-3 

— 

No  yield 

No  visible  cracks 

-0.2 

31-1 

— 

No  yield 

Possibly  cracked,  one  side 

0.2 

31-2 

— 

No  yield 

No  visible  cracks 

—0.2 

*  From  interaction  diagrams.  t  From  pniM  survey  data. 
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1  AlH.K  !• 

IS  rill  EFFECTS 

«»K  E'i  »l’M)AT  ION  ACCELERATION  H»)N 

THE  SI.AII 

RESIST  ASCK  RkQlTRKD  Tu 

measure  meats  in  J -si. 

!tn|iifi<l 

MAINTAIN  ELASTICITY 

Require*!  Aratialile 

Available 

Slab  Case  * 

!’->sltiU- 

Kesistanee 

•  r 

Negative 
K*  ststanev 

r 

rt'suiw 

Ki’StstUfliv 

Negative 
Res*  Manet 

-r 

*?♦.»»,  Ii| 

'til-4  i 

1  /*•*** 

-  -*-ti 

* 

-  :Uh> 

•» 

1.33*1 

-l.V* 

i.537 

-  :ioo 

a 

2.13*1 

-  ‘  ..»:■<> 

!  ,337 

-Son 

3#»O.I»2 

11-*  i 

|IN 

21*. 

3ifi 

-113 

z 

332 

-112 

3lU 

-113 

.3 

t.2» 

-  |*s: 

226 

113 

■  Cast  l:  Station  pressure  pulse.  n**  aeceleratiim  pulse.  Cast- 2:  Station  pressure 
and  anvlvtatiim  |*ulse  In-ginning  at  utrhlast  arrival.  Cast-  Station  pressure 
pulse  ami  acceleration  fsbev  ix-gmnmji  2  •  t»  1  seconu  after  airmail  arrival. 


TABLE  4.14  HEBOtSD  RESISTANCE  OF  I’ktWECT  SLABS 


^T  modulus  <■:  rupture  0,15  fc.  pul;  h  height  in  stab,  inches,  b  nithh  of  stab,  inches;  tr 
m**ment  *>f  inertia  ■»  rebound  t  1 2  bh]  in*;  r>  .-*-timmd  resistance  16  Jr'  bh  f!  0.15  f*c.  pm. 


3Hn.ii|  slabs 

36<).*>2  Slabs 

h 

24  inches 

f  so  inches 

b 

24  inches 

/  77  incite# 

Slab 

h 

(V 

W 

rr 

Slab 

h 

IV 

lr 

or 

in 

psi 

sr 

psi 

in 

r*. 

inT 

psi 

20-1 

22.3 

3.4S*« 

22,8*  *** 

83 

U-l 

12.5 

3,628 

3,9*6* 

30 

26-1 

36.5 

6.6*0 

36,81*0 

194 

16-1 

1S.3 

5.443 

12.6*6* 

63 

2*-2 

30.5 

6.0***) 

36.8*01 

2im 

16-2 

18.3 

5.609 

12.6*6* 

<w 

2»-3 

-0.5 

lot 

16-3 

IS.5 

5.533 

1 2.600 

64 

39.-1 

3*».3 

6.643 

123.0*61 

332 

21-1 

2X3 

6.092 

26.00*} 

129 

50-2 

39.5 

T.n’Jf* 

133.000 

341 

21-2 

2X3 

6.117 

26,186* 

115 

36-3 

30.3 

6.932 

123.000 

332 

21-3 

2X3 

fi.5^7 

2R.0<Ht 

123 

.ms- 4 

30.3 

6,161* 

123.000 

3no 

21-4 

2X3 

6,273 

26.000 

117 

36-5 

39.; 

«*„,**> 

»*s. 

A*  — 

-4  -  -’ 

OS  — 

«**•  rtrtf* 

44-1 

"I  #  .49 

6.310 

214.000 

414 

21  -8 

2X3 

5.654 

26.000 

106 

4 »-- 

47.5 

6.206 

214.000 

436 

26-1 

26.3 

6.668 

46,300- 

184 

44-  3 

it.; 

6*7  W 

214,000 

474 

■J6-2 

2s.  5 

",pri 

16.300 

167 

44-4 

17.3 

6*238 

2!4.ono 

443 

26-3 

26.3 

3,203 

46,3**** 

143 

36-1 

36.  i 

6.614 

400.0*61 

7*HS 

3|-l 

32.3 

5.91 7 

68.6)61 

211 

56“  j 

5*,5 

400.1*0.* 

704 

31-2 

32.3 

6,602 

66.6*6} 

238 

99 
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l  M’i  1 

i.i..  I'l-'Mi  '.lilM  >'.S  • 

>f  A\  MI.AItU 

ill  Uni  M>  it 4 MM  AM"! 

\M»  iiiv 

::u  U  HI  Fair 

\!t 

liiMst  ami  r 

»H  «»M 

-WAV  M 

.Alt.'- 

Al'  r«^i3*:«iniv  rmyisur*  hr ;if*»  isi 

Mai. 

U.niaol-. 

Hi 

t< 

r*  *  r* 

j.f 

r#  # 

•*  > 

•  4*>t  1  \  .-! 

It*  intund 

W ,  f. 

tU  *** 

•  n»vii 

t'r  o  m'! 

UwSf 

i*  Mulhcight 

i*t  in  »ri  > 

St 

3fin.»:  •  >m  • 

Wat 

Jo  I 

»*I 

;i*> 

v« 

Yf> 

Y. 

>-! 

!  I<‘ 

*4 

i;;tt 

v.  - 

V» 

Yt? 

•_*s  J 

j*»*» 

;.»** 

•*  t 

!  :»!t 

\*  * 

\t  % 

h’f 

s  #7* 

**  * 

iiKt 

Yt  - 

Sts 

Yes 

1 

>I«SJ 

S,|». 

!  ***• 

i  ».:• 

N.* 

S- 

'j  e» 

" 

.S|; 

*.!»■ 

-i  > 

lit*. 

it.:t 

\.t 

V.  - 

No 

*  *ii«  .iiH  'f»r  *»<»h 
laiM-Rfl  .it 

tourvhti'ut 

■In. 

...» 

in- 

1 

No 

X.s 

Yes 

.»**  t 

T»i* 

.’.r, 

1«»* 

I  till 

N«» 

No 

No 

Two  am.*ln»r 

IfHIKvrrf^I  3t 

foundation 

.h»: 

-LI 

t«it 

!«»:i 

*»  i  i 

Vi’S 

Yt-jt 

ii-i 

i  I  i 

1  Afii 

.W 

I  n** 

i<» 

x.» 

Na 

No 

ii 

.V» 

1.1H 

Kt 

No 

Yes 

No 

il-:t 

*7  * 

;NK> 

!»• 

No 

.No 

V  t?» 

n-i 

ii.* 

1  HJ' 

lift 

is:. 

x» 

Yes 

Yes 

•Vi- 1 

7»**» 

^i**» 

I  *.2 

217 

Xo 

Yt*» 

No 

7»»* 

«tii* 

1  •*— 

217 

No 

No 

No 

ts  tation 

3>i:i.U2  <  Is  - 

Wav  hi;«b> 

1J-! 

:iii 

w* 

12 

71 

No 

\t*f* 

Yt  -•* 

n.-i 

ii.’l 

•tj 

'Jli 

7tt 

X.. 

Yes 

N" 

T-J 

»;a 

I.V* 

at» 

2» 

lu 

No 

No 

No 

n;-:t 

ISI 

i  -#•» 

.»!• 

2»» 

7it 

No 

Yes 

No 

21-1 

!ir* 

2.V* 

ait 

21 

S3 

N.. 

No 

Yrs 

21  -2 

Its 

i’}i» 

21 

an 

No 

Vi** 

No 

2i 

123 

J*w» 

.v.» 

2* 

S3 

No 

Yes 

Yes 

/)-■ 

tie 

*-a» 

alt 

2! 

No 

\l* 

No 

2>.» 

in:* 

42*» 

24 

•*3 

Mo 

N<> 

No 

2i-<; 

I0.i 

ITo 

24 

S3 

No 

Ye* 

\o 

•n.-i 

IM 

4!** 

.V.t 

&> 

*«» 

So 

Yt  5 

No 

If.  3 

2*n» 

-j*t 

30 

Ml 

No 

V* 

No 

^■!l 

i  n 

*n 

-tn 

Vo 

\s» 

No 

si -i 

211 

run* 

a» 

34 

*».n 

No 

H* 

M* 

J2* 

sr*** 

.’!» 

34 

S3 

Xo 

No 

No 

*  A  .at. ..ole  resistance  In  rdsttHsi  of  slab.  r  . 

*  Kdgitrrti  rebound  resistance  t->r  slab  fullv  anchored  against  uplift  (mm  supports.  r*r. 

i  Krt|tnM  rebound  resistance  Inr  slab  anchored  against  uplift  from  supports  la  anchor  bolts  alone,  r*a- 

i  Ketpitrcd  rebound  rcHstanct  fur  slab  anchored  against  uplift  from  support*  bi  soil  friction  alone.  r’s. 

*  HcifuircJ  rebound  rvststan  for  slab  anchored  against  uplift  from  support  by  anchor  bolt*  and  soil 

friction,  r*  -  r's  . 

••  i Sus-ru-d  rvbnmi  response,  slab  cracked  at  top. 
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:  \"-i  i  i  OIJH •  >K  OiJIl'i  !I-I»  t/ilAl fllil  Ml  I II  v.nh 
•  iltfJjm.O  SlAtf<«  ..».o.m:  •  >\l  'AAV  M.AIB- 


?»..*** 

>l.*Uc  Cracking 

'V 

Maxtamm 

H»avti*>n 

V 

Crai’!,ing  Stn-ngth 
Maximum 

4  ^*JH 

It* 

.**"*  ,u 

> •’ '  If* 

»«  * 

I  i**7 

7.1! 

fturnfH-'i  t  ’aii.  *•*?*•  *n*i  »*ni% 

>  - ! 

j.Twf 

i  1. !*» 

O,  «  » 

lm*hnt«J  crack.-.  *■*■!»:  « *>!:* 

IcvlitHil  t ;  sck?,  *  ;*!>■ 

/,  7^i 

!!.!•• 

»m  im^i  -= :  *«».n  *  itit 

'J*»-  i 

xo*.; 

!*».:• 

n.jj 

Jncbn*-^  crack.  -*nt'  -  »«•! » 

i 

S.Tj» 

!«.:* 

N’*»  ir,v!iru’l  iT-ivking 

dli"  »» 

X523 

i*i.l 

**•*« 

Incline*!  iTafk,  «<it* 

•  I 

3,%«»3 

»7.J 

N»*  iTji’ksft: 

X.’IS 

1.7. 1 

o.Jl 

1  ocl i  m-«l  cmck?..  **»Hh  •  s-l.* 

us 

4.H7 

l*.!» 

N*»  cnckii^ 

ri-L* 

4,  IT.; 

5*.J» 

X*»  cracking 

14-3 

4.14:* 

1 t».o 

N«»  iiK'limii  irat'kin^ 

II-I 

Xt9* 

7?*.— 

o.I*J 

tndimil  iTavb.  te*?h  «  na» 

i 

3,3*3 

N«*  tracking 

.•fi-g 

N«r  cni'-ksng 

I.Ull.K  -1.17  C< >MI'AH!5< >X  OF  CuMICTKD  IHACWNU STHKNCl II  ttllli  .'IWHsV  1 1>  KKSI’>\St 
STATION  3R».»2  OXf.-UAY  Si-AIC? 


S;al> 

male-  Crarium 

>'rrn*«h.  Vc 

10*  lb 

ilaxii.u:--! 
Ki-arli'-*i.  V 

in*  ;b . 

Crocking  Strci^li* 
Maximum  Hi atli-ii 

11-1 

“»i3 

1.76 

o,3o 

N*»  incline*!  cracking 

!«-l 

1.29 

2.93 

»,44 

N«j  iTarkitg 

16-2 

1.42 

3.13 

0,41 

V»  cradci^ 

16-3 

*.ll 

3.  13 

o,4I 

Nv  incline*  J  viaciin^ 

21-1 

t.99 

4.04 

0,49 

husiblv  mchneii  crack. 

vsfcl  '«!»’ 

21-2 

l.s* 

4.04 

0,47 

N*»  crocking 

21-3 

1,79 

3.35 

i».5s» 

\=i  inciincil  crocking 

21-4 

1-74 

3.55 

0.49 

N*»  ;nclim^i  cracking 

21 -A 

2.  IB: 

4.  *‘4 

l*,.>0 

N’i  i.vur.iil  "’7 

21-6 

1.73 

1.04 

0,4.1 

V'*  (Tacli!^ 

26- i 

2.40 

4.20 

'  -.  racking 

■*■-.• 

2-3-1 

1."* 

v*  ci  jek-ns 

26-3 

■1  41 

4.20 

u.4» 

31-1 

4.32 

0,01 

V*  4rrt  ‘m*’i  cracking 

31-2 

’l,vt 

4.32 

n,i»5 

V-  crocking 
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!  Aril.  § 

4.1*  1  * ‘all  v%lill“ 

>  '*r  i.£*  : 

J*flf  AH  O  *> 

v.KI.AUIlih  •  »!' 

S^i  Al^ 

anil  v.%«8» 

?H>  FI. 

JX.  f*  \l.  >SI;I  Milli: 

M  MlnS  ;n.'*.t*5  i 

*M  -ttAV 

A  *5  .Say 

sSFl  IS  I*1*  }'}• 

Sm 

static  S*b rar 

i^hSisstsU'l 

thymic  I'Stuttate 

V **  If! 

3^ 

if 

A 

a 

?  ,«». 

HvdtJ* 

.v>  Asm 

.Vf'E,-:i5.  A..  Axial 

.a|  »whti?  a* is  ,V»ii 

Uri'tJviiRfS  ft’- 

'*’•  «'* 

?tr*  s^gh.  ;.s  >i\ 

){> 

bails,  l!u 

\UatOH$ 

1  M* 

:  •* 

II.: 

!..: 

22*% 

i<>.  v 

..Jit 

1  **»’* 

IW 

1  <■' 

£3*t* 

l«.4 

!~i 

|&#n 

•J,Z 

!•*.* 

111 

*  »^i# 

I 

K* 

>M.  * 

: 

•i*a  • 

*».  1! 

S#*T 

Sis» 

3f.4 

SSa-* 

2i> 

giv.j> 

»*••  « 

»C“ 

»a.» 

*^=.  | 

;,*.*.* 

.t./*** 

5S.5 

-  ,i 

•lM  " 

!**? 

IM 

mg 

2&aS 

!*■  | 

Xl 

>,4 

r  * 

SI 

■n.S 

tx*> 

0.0  * 

S«a3  * 

sv 

*”aj 

H.l* 

41*1 

2l»2 

SI.S 

M 

|o4* 

«>*??  * 

Ac-»! 

t-!»6 

fs*a2 

si.: 

SI*# 

^.’3* 

V,-- 

4A.4 

6M* 

Si.? 

3&S 

HO  * 

-  -X-  .. 

,  .  .  .  . 

*  :  ■ :  ■  *'*  c .»  .  ihaKrasna. 

<  •  .laamni  frioi  cMmlaltuiis  >6  .  t:« -til.  naqanMe-  itrirr  cupdttMsl  fx-itHnj;  s&l  as  i  j*  i-wK 


TABU  «.»  OOJUmMSmj:  OK  S-OMIVirD  WIKAH-VOMPUKWIOS  STfcKMVIliS  >»F  *£„««  VAK,V>«RCt.*MI'S*TK;> 

rMxnuLsTBKctniis:  st.vihw  ;*..«2  .isk-wav  stAfis 


.V;  rnrasan-iMi  ntr  m  5“*  to-Hs. 

s&jittH-  MMr  i.Mimjb.l  Uy-Moaf 

S.I..  f-.-upn-sw.iK  wSt-sr 

»f  in,fSh.  .V,  Mr*  nsTh.  U  H% 


Ifcaanm-  V»  M  HysaitnV  riUinnV'  jJ^nwV^  SfeSSia 
ll  mitTit.  .V  -  Axial  SKumM,  Su  Axial  Steam*  with  Axial  Ktii.-TifnC  SI*WrM 
Uate,  Ut-  Mu,  3-  Mnfe  iia _ ... 


ll-i 

l«-l 

Is-S 


X%t 

A,2*T 


7-S* 

S.5«* 


2a4S 

z*m 

2.1X1 

Safe? 

3a3» 

A.« 

XV* 

S.C* 

C.3 

fc3 

xm 

G.3. 

e.s 

-i-i 

*.11 

i:ic: 

A3t 

!vl* 

7.2T  * 

21 -* 

ts.v? 

ixi 

«.«s 

9.S* 

21-3 

d* 

3Ji 

3.M 

c?* 

6.5 

Si-4 

o**S 

Hie 

»*•*♦ 

3.«i 

c» 

6.3 

2t-*. 

l«a^ 

txs* 

CTA 

a.  #  a 

*23- 

21  -« 

IM*3 

*2.14 

4.:* 

i.K 

•i^a*  * 

Jft-I 

l^alt 

ls.IT 

7.21 

«.  it 

I3A»* 

?.iS» 

se-2 

I4.N 

ia« 

■V* 

tt.*» 

“.«* 

^>3 

1“  1. 

?.l<* 

>«  *3 

!..,  *  * 

7.23* 

Sit  isu« 

«M-  |l,» 


aij» 


fi.35  -  i  cs*  **&* 

«.ie  f,n  ics*  T-is*  * 


'  4  «v*n§*jij*r*t  **.  MS&CMrt}**.  '£**&3km9. 

i  esteifafiTS*#  *1  *f4**ir  ri-HPJiiiH-  mAt*  iftmiMarit  it*!  !**sfc. 
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SICK1T 


TABU.  I.».  COUTANUON  uf  COMI'CTWJ  SHEAtt-AXCHOKACE  H  HI. SUES  AT  YIELD  AloMl-NT 
A  mi  f  'Hl’tT  t  l>  SlEAK-ASCIE.iHAliE  S1KIJW  CAPACITIES  AND  QHSEKYED  Is  I 
SpuSSfa  STATION  3b....|  ONE-WAY  STABS 


. ri  rtw  J..;. 


Haft 

§S*ar-  iwh-jrjt 
at  Vif44 

v 

J*W*ar  Aftdsarajctf 
Sfeif  Csfnntv 

V  v„ 

3  It 

ODtoTYe-1  th'^iwr 

Wet 

SwsM'i  rtetfSU 

2S-I 

.* 

3WS* 

•ii  ,  . 

%l&0 

«41 

W  rtf  cal  :ii*l  im  JrrxT  eraebiifs. 

Y*» 

Jto«| 

4,2fe5 

*.32** 

*«<■  Ctrl  only 

.\SKin-to  rtar-atofif.i!?’  iail- 

So 

**.32 

Mr 

V.rtttal  smt  iarliwt  cruc-Liny. 

Yts 

26-3 

i^-s 

«44 

b>*h  t  »U 

’.i  nto!  ml  incfiml  crackm*. 

Ye# 

»‘i-  ! 

CwWp 

I3/i(7* 

>»*h  i»D 

Hearsay  crack  at  >w  wpf»n 

So 

14.»I« 

*vl* 

iMitSt-i  crartCim.  >«•  t*i  itotiy 
Hearing  crack  at  <>w  >m»  »r1 

Yep 

^-3 

S>I» 

itfijo 

**.46 

tnrUtont  nradutoi.  tocito 

St» 

MIfe 

«|H 

».h| 

f»H»r  nrartnt  at  jwppm 

!m 

4  %|8 

«6l3 

Vertical  a-l  iarlCtort  ci-iLin*. 

Vei 

M-l* 

I3JI» 

fatotkmdhf 

Xtoto 

X«r 

44-3 

14*31#* 

«4» 

Ye* 

*1-3 

"  .  ^ 

m: 

Vrtlfyai  crack  at  maiupna 

So 

44-4 

54*3 

UAm 

Vertical  a»t  todtonl  mcbap. 

Yi» 

36-i* 

«.S4# 

I4^*» 

Moth 

New 

Yep 

5£-2 

6^4» 

|3.4*« 

♦*.31 

Stow 

:**» 

-V-  - 

- - 

-  —  „ — 

,  —  — — -  - 

'  »*ai»  to  ft  -al »  «rit»  W  M  Jii.L  C  ahnruMunRr  ttnw*  Mir  pnAnWi  ki&-.r  '.taa  rkasr 

alOiH-l. 


TABLE  -LSI  toW  ARSB  or  CWimtft  MIE.AK-.UCCtWtl.ACE  iTi'tBtf  AT  VIET.-,  MuuttJo 
to  It  II  OOHTTUI  SKEAlfeAKCHOftAGE  MMM  CATMTHE*  ASP  uRgaVB)  KE- 
sroSSE:  STATIUS  SM3  OM: -WAV  MAW 


Mttf>  *! 

!^af. 

San  at  Yirii 

Sipei-fc  ;lBS**raiP 

9|to  — .  j  .  to*  ium|v 

”»*wi 

Vrs 

.- 

. -»»  _  - 

_ _ _ 

ii*i 

2,4» 

WO 

ft*l 

3^51 

Ml! 

■asp* 

i^-2 

1456 

44*1 

INS* 

|£-3 

JO 

>»  »» 

3i-i" 

?*» 

JAM 

2Y-a 

3js* 

Mt$ 

Mtto 

21-5 

to. 45S 

31-1 

2^5 

Lr» 

..j;* 

31-5 

4>J 

f.m 

Mil 

fjO» 

•■*■> 

2*M* 

3*442 

MI* 

(MM 

#  i? 

+35f 

M43 

31-3 

3^1 

Mtl 

M!3 

31-1“ 

1  ?** 

MS* 

MSI 

31-2 

5.1** 

A.tlS 

'athttjl.  g..jriBafm*lwli»a 

Art 


Itiiif  ii~ix  mi  nT 


tjffta  O-rlkTl  Itoi  hpn.  Ctsrt 

Y« 

To 

S- 

.'tost  *N  I‘Krai  rott  M  to l  I'jfcM 

t  t‘« 

Mato*  t«:.-ai CRktoMiA 

s» 

.’Ttotr 

Vo 

5.  tH  rftlietl  vrarfam 

Vr* 

M*l  tortit*.  Ot'ibiti 

S* 

*MTt  Nik  trtdi  at  toitsw. 

lb 

Kwi  i%*t  nxt  at  ■%■ 

V« 

Sfaw 

T«* 

h* 

b 

Xtott 

b 

PmliiCf  !t*t  crati  at  aMsfa 

.  VV: 

XtoW 

b. 

m 


SICKIT 


tabu-  4.2?  t*i»sii*AB!stw  or  comitthd  averaue  ihmo*  stress  ami  cvijmjpk 

STKESOTli  AM)  OBSERVED  KK$l<OS5E:  S1ATIOX  SHM.I  t>S»;.\VAS  SLABS 


S*luf* 

Aur^t 

Cylinder 

Strength 

“it  "c 

tifea'mtl  Kespottse 

i^i 

I. fit 

Ce 

|>si 

5.4ln 

».2,3 

Vertical  aad  im  lined  Clacking.  otic 

2?*~I 

1,1” 

fi.Stt* 

0.221 

cot)  «o»ic 

Aff«ret6  #hpqr-:«w*h.*n»gc  failure 

* .  *  t  * 

0.2)4 

Vertical  ami  wriistil  cracking. 

I, fit 

*7. At) 

<‘.22, 

hob  col, 

Vertical  and  inclined  cracking. 

Z*'—l 

1.4“ 

0.216 

hub  nh 

Bearing  crack  at  one  suppirl 

1 .  ti7 

t.‘»2« 

B.21B 

inclined  cracking,  one  cm)  mic 
Bearing  crack  at  me  aoipport 

35-3 

S.fit 

•;,sa; 

0.210 

Inclined  cracking,  one  end 

S*J-4 

I, fit 

ft.tStt 

0.233 

Comer  cracked  at  Mgwrt 

ru»- ’» 

Kits 

0,3)0 

0.23* 

Vertical  amt  inclined  cracking. 

44-1 

l.4t5? 

£^0t 

0.235 

*Mh  enh 

Sum 

H-2 

i.m 

«.?44 

0.2)9 

44-3 

IAis 

0.33S 

6.23T 

Vertical  crack  at  mi  Japan 

14-4 

l.fis 

6.014 

0.223 

Vertical  end  inclines)  cracking. 

56*-l 

I  .fit 

ti,3t* 

0.224 

hah  enda 

None 

Se-2 

I. fit 

6,32s 

0.223 

None 

TABU: 

4.23  COMIvtUSuK  OF  COMM.TED  AVERAGE  BOKO  ST*  ESP  6TTII  CV UNDER 

iTXENCTII  AND  OBSERVED  BESKKSE:  STATION  360.0.*  OXE-RAV  SLABS 

Sbfi 

Avenge 

MRtw 

.  %  . 

Cylinder 

Strength 

-  ft-. 

“a‘V 

Uoemd  Krapanie 

Pri 

P** 

il -t 

2J64 

5.62S 

0.420 

Vertical  crack  st  mkUcan 

16-1 

2464 

5.443 

4.434 

Nottr 

16-2 

2^64 

3.W0 

0.421 

Son 

16-3 

2^6* 

5.535 

«M2t 

Vertical  creek  at  mldegan.  me  Okie 

2!-l 

2.364 

6,*S2 

0.344 

liijB)  wiM  cracking 

21-2 

%6 otfg 

21*3 

2odH 

6^ST 

0.35# 

LgR  nriM  ctavkiag 

21-4 

2.364 

6.223 

Mtt 

Light  rerticai  cracking 

31*5 

2^*4 

S.S2I 

6.416 

6h)  tvrtical  crack  at  midepe.n 

2>l| 

2.3M 

5,»54 

MIS 

ftnrt  tertian  crack  at  mi  Japan 

25*1 

%m 

6,666 

0.353 

Bu«r 

25-t 

JJ64 

5,932 

0.499 

None 

2.3*1 

3,2a3 

0.454 

Son* 

31-1 

2,3*4 

5.!>lt 

6.400 

hHWt  vt.-lica!  crack  at  mkleoan 

31-2 

2.36, 

6,692 

0.333 

Kooc 

— 

—  - - -  - . - 

- - - - _ 

- - - 

— - - - - - - -  —  -  - - —  — 
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TABLE  i.‘4  COMI’AKISO.X  or  VARUH'S  COMPETED  ItEAtClXO  KTItlMES  ttiTii  COMPtTtrt  BKAiStXB 


SIR  KNOT  IIS 

AXI>  OBSERVED  RESPONSE  F*JK  ONE 

:-way  slabc 

AT  STATION  3W>,»I 

Alt  «iita.sur4-mcWK  in  |i»i. 

Bearing  Str« i» 
at  YifM  with  So 
Axial  La<h,  fjn. 

ikariitt;  Strt***^ 
at  Yield  with 

•Axial  Ijio.1,  fj*. 

_ _  .  “ 

~  Maximum  tk-arins; 
Sin  us  Klaatii* 
IU'SJ-'Hs*' 

Ikuring 

Sttt-nslb 

F(, 

tXntRxl 
m  BfaslBi 

:SM 

3.23** 

4 

i**.<-* 

%'*,*, 

2*»1 

3,411 

6.2*1 

li.SS** 

|«  Jw- 

N«n» 

2.2s! 

II.3SO 

i**4;~ 

S*w 

■Jb-Z 

Mil* 

s.:9ti 

Il.SSti 

[ff,t3gQ 

Sw 

3»f  1 

3,2T*> 

11.33** 

It  .SM** 

l«.4»« 

Typimf  hamt  failure. 

owwi 

a*-* 

3,34" 

H.2S« 

It.&w* 

ttp.tW* 

!«  arjOf;  fciisn.-. 

*nr  it** 

JS*#*"** 

4,41*1 

1*5,31* 

t2.9**0 

i‘*.4> 

Corner  ■*({  *m«-  r«l 

se-4 

*1,4*4* 

11. 61 A 

n.?«* 

C«tsrr  «(f «»  *l»I 

3»>5 

34i» 

:*,3.***: 

13.l5*i 

:*.*;.*** 

Xoftfr 

44-1 

fi.tti** 

I2,6S» 

i*."**s* 

None 

44-3 

3,«W 

12.15*? 

i**,:*** 

\f>*ii 

44-3 

4.4m* 

12,2-** 

'•At-* 

\'  1  *** 

44-4 

3,050 

I2.WC- 

J».I2*» 

Vntital  ctaefc  stw 
»VJ<r»r!.  sMirrmi 

56-1 

3.K»* 

123M 

lf*,0s(* 

None 

5S-2 

5,1*93 

1229*!* 

3.SH* 

Stmt.’ 

TABLE  4,33  COMPARISON  OF  VARIOUS  COMPETED  REARING  S'lKIMI*  WTO  OiXMTIlt  SEARING 
STRENGTHS  AND  OBSERVED  RESPONSE  Mi  OKI  -VIaY  SLAM  AT  STATION  i«M*2 


All  mra*»rrmr«»  in  |wi. 


RnriRRitM 

SstrhfSitMt 

Maftinww  fietrUtg 

. ...  ,  „ _ _ 

Stab 

at  Yicid  with  X*> 

at  YirM  with 

ftrrn  Elastic 

is  Bttirtig; 

Axial  bwk.  ^ 

Axial  Load, 

Reap-wer  ft,  xxx 

ph 

il-t 

1,555 

14® 

3,14* 

I*-t 

-.153 

5,355 

r*4w 

1.5  |i* 

Mmd 

15-3 

2448 

2.935 

S.SJ* 

i.ttm 

Mm* 

15-3 

2445 

2436 

3.*V 

T,15S 

Row 

21-1 

a*  b 
-.*<*!* 

— 

3,466 

9.54** 

SsKRt- 

3I-T 

2.119 

— 

3,453 

5,15** 

im* 

£1*3 

14S5 

5*56 

S.430 

to.**® 

VtjWj1 

21-1 

1433 

3.545 

S.ian 

H.T96 

31-5 

«** 

3.46>< 

i,is* 

Mr 

31-5 

2,445 

— 

3.450 

t4S* 

?  OK 

2^-  \ 

34» 

S«r 

2.415 

— 

3490 

5490 

X*HH 

26-3 

— 

— • 

3496 

"JM 

Kane 

31-1 

3,554 

— 

3.**m 

*4P* 

Sew 

31-2 

3,161 

— 

3.1*5* 

94M 

10$ 

SCCRST 


TAHI.f.  i.'ii;  C* IJlPAKIsON  OF  COMPUTED  AVOtACE  SlltAitiNG  STKKSS  AT  SCl'I’OKTS.  AT  YIKI.O. 

WITH  IT.lt MATH  CuNCHFTK  KTKKNcrtl!  ASD  OtlSKHVKO  MtSlHlNSK.  STATION  3«>.  H 


All  mt-3Mtri:m*  (rt>  in  ji»i. 


O^ittpatnl  AU'ragi' 

i'nqfaleil  Awragr 

Cwtopon-4  tiiimale 

CoMfMtt-J  I’lSimnlc 

Slab 

S!:«:iril>S  Slrivto 

ShtsfOis  Sm»* 

stearins  Smw 

Cwmtir  Strcngtfi 

in  Shc*ur 

Vertical  IjkiiI  (  Wv 

CitmUmtl  Iju&kk 

AHovrin:  i»>r  kapki 

rw? 

V 

rm 

stwawlog  kjPp 

20- 1 

irp<* 

1,231 

?3» 

£.£**** 

Nuw 

2s- . 

729 

1.274 

C** 

NOW 

3S-2 

*S» 

t»*i 

Now 

729 

1. 214 

lll.nfio 

S.tfH- 

S53 

1.03I 

t»24 

IH.I'H 

Now 

76-2 

JjTtS 

I.«M 

94* 

1*>,T3» 

.sews 

>.514 

*J22 

1*1.430 

SfW 

*kW 

1  253 

i.i.M 

-34 

9,4«*» 

Snw 

3*1-5 

1.40* 

i*34 

!>,05« 

S*jGv 

14-5 

l.«35 

5.S&3* 

*32 

9.30* 

N*>w 

iwz 

»«» 

-939 

10,3**** 

Now 

44-3 

•559 

1,530* 

310 

!;..-,4« 

Naw 

it  4 

423 

I.99S* 

*42 

10,120 

Now 

*#? 

I.3#§* 

*9* 

to.oso 

Now 

!J»S* 

Now 

*  Compute.!  mhI«js  v_ fnw  rlwur  roinui' 


TAHI.F  4.27  COMPAMSUX  W  COMPUTED  AVEMACK  SHEARING  lltM  AT  WilTOUT*.  AT  YIELD. 

*mi  ULTIMATE  CONCRETE  STRENGTH  AND  OMKRVEU  RESPONSE.  mtWS  *M* 


Ait  mcawnwrt*  »■  pot. 


Slab 

Cuopttd  Atrratr 
S4mri«c  Rom 
Vertical  taaSOolv 
rw 

1 1 ii> i mo 

Hiaraffireift 

C«Mld  S  niiffn; 
if 

Compote*  UKIaate 
Wt-arms  On  »> 
FrpHiow  4.43 
ro* 

C<wp*ml  FHiHMe 
Cowmekrrtgt* 
AHwtoRhr  Dnptit 
Slrr*9l«Kki  f* 

ObMfMi 
Meapmw 
io  Soar 

n-t 

493 

5*5 

-m 

7.*** 

Now 

it-t 

453 

*17 

735 

7,919 

Now 

1  S-2 

391 

71* 

757 

7A» 

5*-3 

71* 

747 

7,719 

va4_ 

AlMF 

21-1 

5W 

740* 

92* 

0.C46 

Now 

21-2 

3*0 

7** 

92* 

9,490 

Now 

21-3 

*58 

Hi 

a$| 

5453 

Jhw 

21-1 

320 

345 

*47 

5,783 

SuAi 

21*5 

e»t 

74*  * 

'** 

*,55* 

Now 

25-# 

432 

*4*  * 

7*3 

'AM 

Now 

2#-. 

490 

«2»* 

943 

9.'*  ti 

Now 

24-2 

343 

*»* 

*91 

NOW 

24-3 

*03 

«2»* 

792 

“Jt9* 

Now 

at-* 

371 

542  * 

7*9 

*,299 

Now 

35-2 

SSI 

442* 

*93 

9.343 

Now 

•  CoMpoiMl  wtof  ir^  fruat  «tartie  wpw>  MpM  mi 


Iff 


SCC1IT 


Figure  4,1  Qualitative  veprifcwtaUtia  cf  prioripii  drtai  trajeetnrir* 
•or  mtirtffi  of  wo  Alter* m  apaa  depth  twUom. 


m 

SCCtST 


■HU  f  If  A  It'll.)  *1  |NMW»  JWMJW  JMiln  «k»|tn*  t  «•*»*»<  c*f  MUfM 


b  e  * 


a.  Asauinst  atriatiaa  af  strata  with  tapth. 

fc.  Varlstlsa  at  cswieraasivs  itnti  la 
cMtnti  stars  ths  aaatrai  itii, 

e.  varlatlsa  tf  tkaar  strata  with  east* 
ia  caaerata  abava  aaatrai  sals. 


*.  Varlatlsa  at  vartieal  tsm»rsssl«a  strata 
■Ith  Saath  ia  canarata  Shota  aaatrai  aaia. 


Figure  4.4  Combined  strew  conditions  in  the  concrete  above  the 
neutral  axis  in  a  simply  supported  prismatic  beam  of  reinforced 
concrete  under  uniformly  distributed  load.  (See  Appendix  A.) 
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Figure  4.5  Anchorage  t bearing  atrewes  at  ultimate  load. 


Ill 

SECftfT 


Moment  At  Co  SW  in  inch- kips  for  W  in  kips 
Equivalent  Diftt*  tod  Lo*T  J*(3S)P  •  SW 

-  *h  kips/iock 
Cor.for  Oofloction  tty  r>asorcl  Theory  * 

«c*  A  $ ♦ iifci 

l  *  Moment  of  Inortio  of  cracked  transfer  mod  Motion 
C  »  Clootie  Modulus  of  Concrete  *  ps> 

n  .  «♦  12^82 

k'A  •  Aron  effective  in  stioor,  taken  ot  SO 
S  *  Sheering  Modulus,  teflon  os  E/2.4 
!  -  Efftctise  span,  token  center  to  center  of  rellors 

Figure  4,6  Landing  on  C  and  D  series  specimens  of  Reference  3  and  method 
used  to  compute  elastic  deflections  including  sheer  deflection. 
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Figure  4.7  Basis  for  development  of  expression 
for  elastic  deflection  of  deep  one-way  stab. 
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Figure  4.10  Interaction  diagrams  for  yield  and  ultimate  (lexura! 
capacities  of  rein/orccd-concretc  members. 
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Figure  4.1!  Interaction  diagrams  tor  Slabs  20-t  and  3S-3.  using  static 
resistance  values  for  concrete  and  tensile  rcittforcemetn. 
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Figure  4.13  Loading  condition#  euwiklerine 
rmitc  -oi^Ht  dim«rn*i<m*. 
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Figure  1.15  Effect  of  rale  of  sire  suing  on 
ini  t  ugih  of  concrete. 
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Figure  4.1?  Protobie  effect  of  rapid  stressing  or  straining 
rate  on  the  shape  of  the  stress-si  rain  relationship  in  concrete. 
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Figure  4.  IS  Single  wJegret* -of- freniiim  •> kirn. 
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Figure  4.21  Shajee  used  for  stress-strain  relation 
in  reinforcing  steel  water  Ueld-te*  l<*d fog. 
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Figure  4.22  Resistance  function  for  *!*!»• 
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K  gitre  4.23  Mttnolutior  of  «ir»Mwa  at  mlda|Mtn  for  slab  In  dynamic  ri-»pon»<-. 


Figure  4.24  Effect  of  uUl  load  on  moment  arm.  and  Areas  distribution 
rrinforccd-concrfHe  member  for  consUrt-angie  change  at  section. 
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'igure  4.2?  Representative  linearized  act  eleratlon- 
time  variations  for  slab  foundations. 


Chapter  5 

CONCLUSIONS  AND  RECOMMENDATIONS 


5.1  CONCLUSIONS 

5.1.1  General.  In  terms  of  the  original  objectives  of  this  project,  the  results  were 
partially  successful,  at  least  for  the  one- way  slabs.  Despite  differences  between  pre¬ 
dicted  and  observed  response,  the  results  obtained  from  this  project  are  in  relative  agree¬ 
ment  with  those  obtained  in  static  tests  of  deep  beams  as  reported  in  Reference  2.  The 
latter  tests  were  conducted  subsequent  to  the  inception  of  Project  3.6  and  results  obtained 
from  them  were  not  available  at  the  time  of  the  preliminary  design  and  analysis  of  the 
slabs  tested  under  Project  3.6. 

In  particular,  the  data  from  laboratory  tests  mentioned  above  indicate  that  the  present 
criteria  for  anchorage-bond  and  pure-sbear  failures  are  very  conservative.  As  discussed 
under  Section  4.1.3,  it  is  believed  that  a  diagonal-tension  failure  is  not  possible  for  a  uni¬ 
formly  loaded,  simply  supported  one-way  slab  or  beam.  None  of  the  slabs  tested  under 
Project  3.6  foiled  in  anchorage  bond,  pure  shear,  or  diagonal  tension. 

Certain  qualitative  conclusions  may  be  drawn  from  comparisons  of  the  behavior  of 
slabs  that  differ  from  each  other  in  only  one  respect,  and  from  the  behavior  of  the  stabs 
in  general,  despite  the  differences  between  predicted  and  observed  response.  In  addition, 
tentative  conclusions  may  be  drawn  from  the  analyses  discussed  in  Chapter  4  of  this  report. 
These  conclusions  are  tentative  because  there  is  no  data  to  substantiate  the  various  as¬ 
sumptions  that  were  necessary  to  consider  the  effects  of  axial  loads,  base  disturbance, 
and  rebound,  on  the  response  of  the  test  slabs. 

5.1.2  Conclusions  Drawn  from  Observed  Behavior.  Effects  on  Web  Reinforce¬ 
ment.  The  effect  of  web  reinforcement  the  behavior  of  the  one-way  slsbs  tested 
under  Project  3.6  was  qualitatively  the  same  that  obtained  in  static  tests  of  deep  beams. 
Specifically,  comparing  the  response  of  Slab  28-1  that  of  28-2  and  28-3  and  the-  re¬ 
sponse  ol  36-1  with  36-2,  It  is  apparent  that  web  reinforcement  inhibit  ;  »?•«  di vNopnent 
of  major  inclined  cracks  even  in  very  deep  members  under  dynamic  !o~Us. 

With  the  exception  of  slight  differences  in  concrete  strengths  the  slabs  coni',  .--d  h*. 
the  same  properties.  Slab  36-1,  which  had  no  web  reinforcement,  devek.?ea  t  a 
crack  at  one  end,  whereas  a*>-2  did  not.  Slab  28-1  which  also  had  no  web  reinfo.-  .cm,  ..;. 
developed  major  inclined  cracks  at  both  ends  and  foiled,  either  in  shear  anchorage  or 
during  rebound.  The  otter  two  slabs,  28-2  and  28-3,  exhibited  more  distributed  cracking, 
did  not  develop  major  inclined  crack  and  dio  not  foil. 

It  Is  concluded  therefore  that  web  reinforcement  should  be  provided  to  insure  failure  in 
flexure  ratter  than  in  some  more  brittle  mode. 

Longitudinal  Compression  Reinforcement.  None  of  the  test  slabs  were 
reinforced  in  compression,  although  those  with  web  reinforcement  had  very  small  bars 
at  the  top  ;  which  the  web  reinforcement  was  tied.  A  large  nurabei  of  the  siabs  developed 
vertical  cracks  from  top  to  bottom  in  the  vicinity  of  midspan.  It  is  believed  that  the  only 
logical  explanation  for  these  cracks  is  that  tensile  stresses  were  developed  at  the  top 
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surface  during  rebound  (Section  4.3.0).  It  is  concluded,  therefore,  that  wherever  support 
conditions  are  such  that  significant  tensile  stresses  can  be  developed  in  the  top  of  the  slab, 
longitudinal  reinforcement  for  resistance  against  rebound  should  be  provided  in  accord¬ 
ance  with  Reference  27.  This  reinforcement  will  result  in  more  ductile  flexural  response 
in  the  direction  of  the  applied  load. 

5.1.3  Conclusions  Drawn  from  Analyses.  Flexure.  It  is  recognized  that  flexural 
response  computations  are  affected  by  certain  parameters  that  cannot  be  defined  with 
great  certainty,  especially  if  the  resistance  function  is  elastoplastic.  Among  these 
parameters  are  rise-time  of  the  applied  load,  natural  period  of  the  structure,  peak 
applied  pressure,  and  yield  resistance.  However,  it  is  clear  from  brief  considerations 
that  the  maximum  possible  effect  of  variation  in  the  first  two  mentioned  cannot  account 
for  the  differences  between  predicted  and  observed  response  at  Station  360.01. 

Because  the  probable  variation  in  the  peak  applied  pressure  is  on  the  order  of  ±  15  per  ¬ 
cent,  it  can  be  concluded  that  the  yield  resistances  or  apparent  yield  resistances  of  the 
slabs  at  Station  360.01,  particularly,  muBt  have  been  increased  greatly.  Computations 
have  indicated  that  axial  forces  and  base  disturbances  could  account  for  the  differences 
noted  (Section  4.3.4).  Owing  to  a  lack  of  data,  these  computations  were  based  on  as¬ 
sumptions  the  validity  of  which  cannot  be  confirmed  in  general.  Therefore,  the  results 
ot  these  computations  should  be  regarded  as  giving  orders  of  magnitude  of  the  effects  of 
axial  loads  and  base  disturbances  on  the  response  of  the  test  slabs. 

Neither  axial  load  nor  base  disturbance  by  itself  appears  to  account  for  the  difference 
between  computed  and  observed  response  for  all  slabs.  For  deep  members  such  as  Slab 
44-4  the  effect  of  axial  loads  appears  to  account  for  the  order  of  magnitude  of  the  increase 
in  yield  resistance  required.  There  are  other  indications  that  the  increase  in  yield  re¬ 
sistance  was  real  rather  than  apparent — indications  such  as  cracks  in  the  bases  of  some 
of  the  deeper  slabs  over  the  supports.  However,  for  the  slabs  with  depths  of  20  inches 
or  less,  the  effect  of  axial  load*  was  Insufficient  to  account  for  the  required  increese  in 
yield  resistance.  Therefore,  it  is  concluded  that  both  axial  loads  and  base  disturbances 
had  a  significant  effect  on  the  flexural  resistance  of  the  various  test  members,  and  that 
the  former  had  a  greater  ehect  on  the  behavior  of  the  deeper  slabs  whereas  the  latter  bad 
a  greater  effect  on  the  behavior  of  the  shallower  slabs. 

Other  Mode*  of  Failure.  An  attempt  was  made  in  Section  4.3.7  to  evai«wtc  the 
resistances  of  the  slabs  to  failure  in  other  modes,  such  at  shear«eompression,  rhtar- 
anchorage,  bond  bearing  and  pure  shear,  by  applying  empirical  expressions  derived  from 
analyses  of  data  obtained  from  static  tests  of  reinforced  concrete  beams.  Equations  4.3, 
4.4,  4.5,  4.6,  and  4.7  were  modified  only  to  include,  where  practicable,  the  effect  of  rapid 
strain  or  stressing  on  the  strength  of  the  concrete.  It  is  not  clear  whether  the  equations 
used  are  applicable  to  the  dynamic  case. 

If  applicable,  the  equations  for  clacking  strength  and  shear-compression  strength 
appear  to  be  conservative.  The  former  predicted  inclined  cracks  in  sii  members,  where¬ 
as  visible  inclined  cracks  were  noted  in  relatively  few.  Allowing  for  an  increase  in  shear¬ 
er  ..ipression  strength  due  to  the  rapid  straining  rate,  the  tatter  predicted  a  shear- 
compression  failure  in  only  one  member  ami  that  member  did  not  fail.  However,  it  is 
believed  that  the  shear-compression  strength?  of  all  members  would  have  been  increased 
by  the  effects  of  the  axial  loads;  these  were  not  taken  into  consideration  in  the  development 
of  the  equation. 

With  the  posslote  exception  of  Slab  28-1 ,  none  of  the  members  failed  tu  shear-auchorage. 
and  none  were  computed  to  have  failed.  However,  because  some  of  the  slabs  had  web 
steel  fv.vach  undoubtedly  helps  to  resist  failure  in  shear  -anchorage )  and  because  most  of 
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tin;  did  :tot  develop  visible  inclined  cracks,  it  is  not  clear  whether  the  equation  used 
is  applicable  to  the  dynamic  ease. 

It  is  dear  that  there  is  jo  ad^ume  criterion  '**  anchorag*  bond  strength  ot  *teep  '.me  - 
way  slabs.  The  stress  .oadittoas  in  the  wacretc  xursoandiiv,  the  tensile  reinforcement 
aN>ve  the  support  in  a  deep  slab  are  greatly  different  from  those  in  standard  pullout  tests 
upon  which  the  present  criterion  is  based,  This  fact  was  noted  in  deference  2,  v.  titer, 
reported  computed  bond  stresses  greatly  i„  excess  of  the  standard  bond- strength  criterion 
in  static  teste  of  deep  beams.  Bond  stresses  on  the  order  of  0.3  f'c  prcm-ib!;.  wero  de¬ 
veloped  in  slab-i  tested  under  Project  3.6  with  no  apparent  bond  failure  at  the  anchorage. 

The  criterion  applied  for  bearing  strengths  appears  to  be  applicable  to  the  dynamic 
case  after  allowance  has  been  made  for  the  rapid  stressing  rate.  Good  correlation  was 
obtained  between  the  computed  bearing  stresses,  computed  bearing  strengths  a.  1  ob¬ 
served  response  for  the  case  *>f  the  nssumid  combined  loading  condiiioi,.  As  discussed 
above,  the  analyses  of  the  r«.„,*»*e  of  the  slabs  to  combined  bending  and  ar.ial  iopdr  are 
based  on  assumed  magnitudes  of  forces  not  confirmed  by  data.  Thus,  the  applicability 
of  the  bearing  strength  criterion  assumed  has  not  been  established  firmly* 

The  present  criterion  for  pure  lend)  shear  failure  is  apparently  tro  conservative. 

Vr'acs  of  computed  average  sluarin  stresses  as  high  as  0.43  fc  were  obtained  in  static 
tr  ,ts  of  simply-supported  deep  bear  .  without  pure-shcar  failures  as  reported  in  Reference 
2.  Compiiuu.ns  indicate  that  average  shearing  stresses  as  high  as  0.32  f*c  were  attained 
in  the  slabs  tested  under  Project  3,6  without  a  shear  failure. 

it  is  believed  that  one  of  tl«.  i-wms  why  the  present  criterion  is  too  conservative  is 
that  no  consideration  is  given  to  the  effect  of  the  stressing  rate  or  the  strength  of  the  con¬ 
crete.  it  is  concluded  therefore  that  although  the  value  of  the  average  shearing  stress  at 
which  a  pure- shear  failure  will  occur  has  not  been  established,  there  is  sufficient  evidence 
available  to  permit  a  reasonable  increase  in  the  ultimate  or  allowable  average  shearing 
stress  on  the  vertical  section  adjacent  to  the  support. 

In  summary,  it  is  concluded  that,  except  for  bearing  strength,  cone  of  the  criteria  used 
to  determine  the  strengths  of  the  members  in  modes  of  failure  other  than  flexure  have 
been  demonstrated  to  be  applicable  to  the  dynamic  case.  Specifically,  it  is  emphasised 
that:  (1 )  there  is  no  adequate  criterion  for  anchorage -bond  strength;  (2>  tue  v^tiauuu  used 
for  shear-compression  strength  is  known  to  be  conservative  when  the  member  is  subjected 
to  combined  bending  and  axial  loads,  even  in  the  static  case:  13)  the  expression  for  crack¬ 
ing  strength  appears  to  be  very  conservative  if  it  is  aprlicable  to  the  dynamic  case  at  all; 
and  (4)  the  '’riterion  fov  {Hire-shear  (epH  shear)  strength  appears  t©  be  very  conservative. 

5.2  RECOMMENDATIONS 

5.2.1  Fur'  ter  Research  or*  Deep  On^-Wny  Slabs.  The  tospor.se  of  d-cp  one  way  sla^s 
to  static  leads  is  oniy  beginning  7o  be  understood.  Although  some  recent  progress  has 
been  mr  !e,  as  reported  in  Reference  2,  a  great  deal  rer.-u;"*  to  be  learned,  specifically 
about  the  failure  of  these  slabs  in  brittle  m©3e«  such  as  shear** cor/preoaio  i, shear- 
miciorage,  pure  shear,  ard  anchorage  boud, 

Flexural  resistance  criteria  developed  from  tests  of  reinforced-concret  t  beams  of 
ordinary  proportions  (span-depth  ratios  of  about  16)  appear  to  be  applicable  to  deep  beams 
down  to  span-ikpth  ratios  of  around  2,o.  However,  criteria  developed  sim'tariy  for  cry¬ 
ing.  shear-tv-  press.on,  {Hire-shear,  and  anchor^-bo^d  strengths  do  not  appear  lo  he 
applicable  lo  the  static  case,  much  less  the  dytiamic,  Furti.?r.  the  effect  of  axial  loads, 
on  the  resistance  of  deep  members  to  these  I  t  :' tie  modes  of  failure  has  not  been  dete*  - 
:v.;:.ed  for  the  static  case.  After  the  static  case  is  folly  understood,  there  is  much  that 
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rt  snaia-  ui  be  investi££t.?«  canct-rs^ng  dynamic  bt-iiavior*  which  cue  best  1**  investigate  j 
under  sii'f^afV  euadiiinna  ■sfee.'f  *hr  ivnsidvs  involved  caa  fee  eon*  railed.  Among  the 
important  area*  of  i nr  r*wi  gallon  art:  *T  >  periods  of  vforstiao  of  de*p  one-way  slabs;  C) 
"-rtJ*  .;f  stressing  or  straining  rata*  m  the  streD^lh  of  d yap  it^nfofced-concrete 
*!ab*  in  Cwwivl  :Ut  effort*  of  rapid  strewn. g  or  airainin^  rates  on  ibe  strength  of  deep 
reiflfertcd-eoocFett*  stabs  is  in*r  .fo^de*;  and  Mi  «£fecv>  of  axial  loads  including  friction 
ai  the  supports  os  lir  -I. .  ,-£h  of  tfotp  reieforct-d-coocrete  slabs  in  the  various  modes  of 
£a»iuro- 

It  is  recommerakd,  therefor**.  that  laboratory  invcstig^lKns of  the  static  and  dynamic 
buhavfor  of  dwp  t me- way  slabs  are  pursued.  Until  more  in  kn->  ,-n  about  Utt*  effects  listed 
above,  the  twslgn  of  deep  one-way  slabs  ms?) et  necessarily  .remain  coii>tj*viUvr. 

5.2.2  Research  on  Peep  Two-Way  Kaos.  Present  design  criteria  fur  deep  twe-wsv 
slabs  of  reinforced  concrete  ar-  based  os  theoretical  analyses  and  meager  stntlc  teat?  of 
medium-thick  two-way  slabs.  Based  on  recent  result*  obtained  ftleferer.ee  2)  from  static 
U-sto  of  deer-  ,  »e~«.-3y  slabs  *itnif»c*nt  difference*  between  the  behavior  of  deep  and 
medium-thick  two-way  r’  *oa  a  X  anticipated. 

To  the  writers’  v  ^wl edge,  thcr«.  have  been  no  static  tents  of  deep  two-way  slabs  of 
reinforced  w  .rote  cw-facted  under  l.  bomtory  conditions  In  addition,  little  'beoretical 
work  h**-  *-*eu  done  os  deep  two-way  subs  even  in  applying  the  theory  of  elasticity  tc  a 
fo"  .ufcneous,  isotropic  mate  rid.  it  is  recommended  therefore  U  at  theoretical  and  ex¬ 
perimental  investigations  ot  deep  two-way  slab*  of  reinforced  cone  cte  be  pursued  to 
establish  the  probable  modes  of  failure  of  such  members  and  criten »  for  resistance  to 
failure  in  those  modes. 

5.2-3  Interim  Design  Criteria  for  One-Way  Slabs.  Urtil  more  knowledge  is  obtained 
anti  better  criteria  established,  it  is  recommended  that  the  criteria  summarised  below  be 
used  for  the  analysis  and  design  of  simply  supported  deep  slabs  subjected  to  uniformly 
distributed  dynamic  loads. 

Flexure,  (1)  Yield  resistance: 

ry  *  0.08  fy  J  Id/t)*  6  15.1) 

Where:  ry  =  yield  resistance 

fy  -  dvnamte  yield  Mreso  of  the  tensile  reinforce  me  at 

j  -  ratio  of  distance  between  centroids  of  compressive  and  tensile  forces  to 
the  effective  depth  as  defined  by  the  elastic  theory 

d  =  effective  depth 

/'  -  effective  span  (center  to  center  of  supports) 

ft  -  percentage  of  tensile  reinforcement 
<-)  Ultimate  resistance: 

r„  =  0.08  fs  (1  -  k,^)  (a/l'f  0  t'5.2) 

Where*.  rc  *  ultit  ate  resistance 

fs  -  dynamic  stress  in  tensile  reinforce  meat  associated  with  strain  in  the  steel 
at  the  ultimate  mcmem 
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kj  -  ratio  of  depth  of  the  cenf  -kJ  of  the  compressive  forces  to  depth  of  the 

neutral  axis  at  the  ultimate  moment  as  defined  by  the  ultimate  strength 
theory 

ku  -  ratio  of  the  depth  of  the  compression  zone  in  the  concrete  at  ultimate  mo¬ 
ment  to  the  effective  depth  of  the  slab  as  defined  by  t!«  ultimate  strength 
theory' 

d,  V,  and  £  are  as  defined  above 


<3;  Yield  deflection: 

3.125  ty  </*)4 

'V  = 

Where:  6y  *  dynamic  yield  deflection  at  midspan 

£t  =  modulus  of  elasticiqr  of  the  tensile  reinforcement 
-0.01  (/Vd  l1  ♦  0.22  t/'/d)  *  0.17 

ryl  /*,  d  and  0  are  as  defined  previously 
(4:  Ultimate deflection: 


<5.3t 


rat  *  ojr  -■  6.2  f/Vd»*  (t>M  ~  <«y  1  (5.4) 

Where:  ou  <-  dynamic  ultimate  deflection  at  midspan 

( gy  strain  In  the  tensile  reinforcement  at  ultimate  load 
cay  JTRU  strain  is  the  tensile  reUtfercamat 
Ay,  f.  and  d  ,%r*  as  defined  previously 

(5)  Period  of  vibration: 

(a)  For  span -depth  rrtios  of  leas  than  u.0  «:« the  following: 

T  .  „  ,5.5, 

Where:  T  «  fundamental  period  of  vibration 

6k  -  computed  deflection  at  mtdspaa  whs*  slab  is  loaded  by  a  di.mributed  static 
load  equal  to  Us  on  might 

g  *  gravity  constant 

(b>  For  span -depth  ratios  of  S.0  or  greater  use  the  follow  irg  expression  which  was 
developed  from  ooasiderstion  of  simple  support  cases  of  Equations  5.8  sad  5.29  is  Refer¬ 
ence  28: 

T  ■  8.11  x  io~*  1* 

Where:  T  -  nature*  period  of  member,  nwiec 

/'  «  effective  span  (center  to  center  supports),  inches 
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f  .  dyna.  lie  yield  stress  of  tin-  tensile  reinforcement,  pai 
r^,  dynamic  yield  resistance  of  member,  psi 


The  preceding  expressions  require  knowledge  of  the  stress-strain  relationship  in  the 
tensile  reinforcement  under  rapid  stressing,  and  a  considerable  amount  of  computation 
For  example,  the  computations  for  ultimate  deflection  and  resistance  in  particular  require 
the  solution  by  successive  approximation  of  the  'allowing  expression: 


100 


lsu 


k  r 

J  c 


1  so 


-<u 


(5.1 1 


Wnere:  tu  ultimate  Stra‘n  in  the  concrete  in  compression 

ks  ratio  of  the  area  of  the  concrete  stress  blook  to  the  area  of  the  enclosing 
rectangle  as  defined  by  the  ultimate  strength  theory 

k,  -  rati  a  of  the  ultimate  compressive  stress  in  the  concrete  to  the  standard 
cylinder  strength,  f*c.  taking  ini  •  consideration  rapid  straining  rate 

t’c  =  .standard  cylinder  strength  in  psi 
Is,  0,  and  t  are  as  defined  above 

Equation  5.7  is  based  on  an  assumed  linear  variation  of  strain  with  depth  at  midspan 
and  should  be  valid  for  span-depth  ratios  of  2.0  or  more.  To  the  aquation  it  is  nec¬ 
essary  to  know  or  assume  values  for  <u,  k,,  kj,  and  f*c,  and  to  know  or  assume  the 
dynamic  stress-strain  relationship  for  th,:  tensile  reinforcement,  in  this  report,  the 
ultimate  compressive  strain  in  the  concrete  was  assumed  to  be  0.004;  k(  was  assumed 
to  be  0.85;  kj  was  ooUined  from  Figure  4.15.  For  a  first  approximation,  the  strsising 
rate  may  be  computed  try  assuming  tbe  ultimate  strain  is  attained  in  one-half  the  funda¬ 
mental  period- 

For  trial  design  purposes  tbe  extensive  computations  required  to  determine  ultimate 
deflection  and  resistance  may  be  avoided  by  using  an  clastopUstic  res'rtance  function. 
The  yield  resistance  value  can  be  used  sa  the  ultimate  resistance.  The  ductility  factor 
U  may  be  obtained  from  the  following  equation  taken  from  Reference  2$: 


Where;  $  -  percentage  tensile  reinforcement 

<p‘  -  percentage  compressive  reinforcement 

It  is  believed  that  designs  based  on  tbe  sr.o.e  equation  lor  ductility  factor,  uui  the  prevl 
ousiy  given  equations  for  yield  resistance  and  fundamental  period  will  be  somewhat  con¬ 
servative  for  flexural  response  because  of  the  nfglect  of  the  additional  energy  absorption 
c..e  to  strain  hardening  in  the  *ier‘.  and  increases  -jf  the  internal  i.iomciit  after  yield. 

Othur  Modes.  <S>  Shear-Compression:  Use  the  following  expression  developed 
in  Reference  9. 

Mfo  1.5?  bd1  rc  k  (0.57  -  > 
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.Since  M's 


t  sc 


0.043  P„ 

r„„  12.10  (flfl'i2  P,  k  <0-57  -  '  (5.0 1 

t  10 

Where:  rsc  resistance  to  shear-cumpression  failure 

k  ratio  of  the  depth  of  the  neutral  axis  to  the  effective  depth  of  the  slab  as 
defined  by  the  elastic  theory 


«i.  /'  ,  Pc  are  as  defined  above 


(2i  Shear-Anchorage:  (ai  use  the  following  expression  developed  in  Reference  2  modified 
by  the  rate  of  stressing  at  the  support,  assuming  no  axial  loads: 


1 


k>rc 


(5.10) 


Where:  vu  -  ultimate  average  shearing  stress  on  the  failure  plane 


ffcv  ~  average  bearing  stress  at  the  yield  resistance 
kj  and  Pc  are  as  defined  previously 


(bi  Equation  5.10  must  be  co*"pa-«*d  to  the  following  expression  to  determine  whether  the 
slab  will  fail  in  shear-anchorage  before  the  yield  resistance  is  attained  (assuming  no 
axial  force  acting): 


0.01  fy  o  d 
(c  +  0.5  d* ) 


(5.11) 


Where:  va  -  the  average  shearing  stress  on  the  failure  plane  when  tne  yield  resistance 
is  reached 

c  -  the  longitudinal  dimension  of  the  iupperts 

d*  -  the  distance  from  the  centroid  of  the  tensile  forces  to  the  bottom  of  the  slab 


fy.  and  d  are  as  defined  previously 

(3i  Bond.  Use  the  following  expressions  as  indicated  for  siiear-anchorage  above: 


^  -  0.30  Pc  (5.12) 

0.01  r  o  bd 

Uj.  — -  <5.13. 


Where*  uu  -  ultimate  bond  stress 

ua  -  average  bond  stress  at  yield  resistance 
lc>  sum  of  the  perimeters  of  the  tensile  reinforcement 
?c,  fy.  o,  i>  ami  >i  are  as  defined  previously 

<4  •  Bearing  U*»c  Hie  following  ex»ro.^u>.ns,  assuming  no  axial  loads: 

fUu  *>*1- 
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(5.14. 


•5. 1 5a; 


f.  -  -  ~  «M'2  p„  *  0.38  r  ■  -  0.5  J) 

by  be  v  J  y  v 


Where:  fbu  ■  ultimate  bearing  stress 
f^y  -  bearing  stress  at  yield 

Py  -  value  of  overpressure  at  yield  of  tensile  reinforcement 
/*,  c,  and  ry  are  as  previously  defined 

For  most  designs  p y  v  ry,  therefore,  for  most  practical  cases,  the  following  expression 
may  be  used: 


fi-..  0.5  r  - 

y  c 


(5.15b. 


Mote  that  Equation  5.15b  is  conservative  except  when  py  >  ry  (not  a  common  condition). 
(5)  Pure  Shear.  Use  the  following  expressions,  assuming  no  axial  loads: 

vgu  •  0.2  kj  Pc  (5.15. 


v  •  tS  ■  .f ,0-12  *  *  v 


(5.16a> 


Where:  v#u  -  ultimate  shearing  stress  on  the  vertical  section  at  the  supports 
vgy  -  average  shearing  stre ...  <•-.  the  vertical  sectiGn  at  the  supports 
f  -  clear  span 

d,  py,  and  ry  are  as  previously  defined 

As  indicated  under  (4)  above  the  following  expression  may  be  used  in  lieu  of  (5.16a> 
for  most  practical  cases. 


vsy  -  0.5  ry  g 


(5. 16b> 


(6.  Web  Reinforcement.  It  is  recommended  that  the  amount  of  web  reinforcemer*  — 
quired  be  determined  aa  indicated  in  Section  5. 1.2.1  of  Reference  1  but  that  at  least  0.5 
percent  of  web  reinforcement  be  used  in  deep  beams  of  span-depth  ratios  of  less  than  6.0. 
It  is  iiclieved  that  this  minimum  requirement  should  be  met  to  insure  a  flexural  failure 
until  apparent  anomalies  between  the  behavior  of  deep  one-way  slabs  under  static  and 
dynamic  loads  have  been  explained. 

Axial  Loads.  If  the  values  of  axial  loads  can  be  predicted  with  reasonable 
accuracy  as  a  function  of  time,  they  should  be  taken  into  account  in  the  analysis  of  the 
member.  It  is  apparent  from  t5*?  consideration*  in  Chapter  4  that  axial  ioads  can  have 
a  marked  effect  on  the  yield  resistance  of  the  slab  and  on  the  shear -compression,  wm-ar- 
anchorage,  bond,  and  pure-shcar  strengths  of  the  slab.  However,  the  values  assumed 
m  ’h;  s  report  for  the  coefficient  of  friction  at  the  support  and  the  lateral  component  of 
the  earth-transmitted  pressure  are  not  to  be  taken  as  accurate  since  there  are  no  Jau  to 
confirm  them.  To  ignore  the  effects  of  axial  loads  is  to  be  conservative;  thus,  it  seems 
advisable  to  ignore  rather  than  to  overestimate  them  until  more  daia  has  been  obtained. 

Base  Disturbance.  As  indicated  in  Chapter  4,  base  disturbance  can  be  harmful 
or  beneficial  depo?-'.  tg  or.  the  variation  of  the  disturbance  with  time.  Again,  if  a  reason¬ 
able  prediction  of  the  ■  ariaticn  of  the  base  disturbance  with  time  is  possible,  it  should  be 
taken  into  .  ccount.  For  one-way  slabs  with  shallow  footings,  subjected  to  high  over- 
press-.:.  ..a  (within  a  range  of  pressure  such  that  the  air-shock  velocity  is  greater  than  the 
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ground-shock  velocity)  it  is  believed  that  the  effect  of  the  baac  disturbance  is  to  incicasc 
the  apparent  yield  resistance  <>f  the  slab.  This  belief  is  based  on  two  considers  .ions; 
the  magnitude  of  the  disturbance  at  shallow  depths  appears  to  be  significant,  and  the  rate 
of  propagation  of  the  air- induced  ground  shock  through  the  soil  is  such  that  the  disturbance 
begins  before  the  structure  attains  its  first  maximum  deflection. 

No  attempt  was  made  to  approach  the  problem  of  the  effect  of  base  disturbance  on  the 
response  of  simply  supported  one-way  slabs  in  general,  in  this  report.  Therefore,  no 
general  recommendation  can  be  made.  However,  it  ;s  noted  tiiat  the  magnitude  of  the 
effect  computed  for  these  stabs  is  undoubtedly  much  greater  than  that  which  might  be  ex¬ 
pected  fur  a  structure  designed  to  withstand  pressures  on  the  order  of  200  to  1,000  psi. 

The  depth  of  the  footings  for  such  a  structure,  even  if  it  were  not  buried,  would  be  great¬ 
er  than  the  depths  of  the  footings  for  these  slats,  and  consequently,  the  magnitude  of  the 
base  disturbance  wouid  be  less  than  for  the  Project  3.6  slabs. 

K  ebou nd.  It  is  recommended  that  consideration  be  given  to  the  provision  of  longi¬ 
tudinal  reinforcement  to  resist  tensile  forces  developed  during  rebound.  This  can  be 
accomplished  by  the  use  of  the  charts  in  Reference  27.  It  is  emphasized  that  these  charts 
were  prepared  assuming  that  the  member  has  the  same  moment  of  inertia  in  both  direc¬ 
tions.  The  required  resistance  obtained  from  the  charts  should  be  multiplied  by  the  ratio 
of  Vfr/1.  As  stated  in  Section  4.3.6,  the  factor  given  above  is  an  approximation  which 
is  correct  only  for  response  to  an  impulsive  loading.  Multiplication  of  the  resistance 
values  obtained  from  charts  in  Reference  27  by  the  factor  given  above  is  conservative  for 
long-duration  loads.  I  r  and  *  mav  be  computed  using  transformed  clastic  sections. 

This  procedure  will  not  prevent  cracking  in  rebound  but  will  prevent  a  flexural  failure 
in  rebound.  If  no  steel  is  provided  to  resist  tensile  forces  n,  rebound,  a  vertical  crack 
might  represent  failure  of  the  member,  depending  upon  the  function  of  the  slab. 

5.2.4  Interim  Design  Criteria  for  Peep  Two-Way  Slabs.  It  is  recommended  that  deep 
two-way  slabs  be  designed  in  accordance  with  the  procedures  outlined  in  Reference  28 
until  better  criteria  become  available  from  future  research. 
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Appendix  A 


DISTRIBUTION  OF  STRESSES  IN  REIN FORCED-CONCRETE  BEAMS,  ASSUMING 
ELASTIC  STRESS  DISTRIBUTION 


In  the  derivation  for  the  distribution  of  shearing  stresses  in  rectangular  beams  of  an 
elastic,  homogeneous,  isotropic  material,  it  has  been  shown  by  the  application  of  the 
principles  of  statics  that  the  shearing  stress  at  any  point  is  the  integrated  difference 
between  the  bending  stresses  on  either  side  of  a  beam  section.  Applying  the  same 
principles  to  the  reinforced-concrete  beam,  the  standard  shearing  stress  distribution 
may  be  obtained.  The  tout  shearing  force  on  the  Section  pq  in  Figure  A.  1.  is  vbAx. 
assuming  a  uniform  distribution  of  shear  along  that  surface  in  the  direction  of  the  width. 
This  force  is  the  resultant  of  the  horizontal  forces  acting  to  the  right  and  left  ok  the 
portion  of  the  beam  above  the  Section  pq. 


LdA  and  F  - 

*n  n 


Where:  Fm  -  the  total  force  on  the  concrete  above  pq  at  section  m-m 

*m  =  unit  compressive  stress  at  any  depth  in  the  concrete  above  pq  at  section 
m-m 

dA  *  an  elemental  area  over  which  the  stress  acts 

Fa  *  the  total  force  on  the  concrete  above  pq  at  section  n-n 

f„  *  unit  compressive  stress  at  any  depth  ia  the  concrete  above-  pq  at  section 
n-n 

Bid  since  the  stress  has  been  assumed  to  vary  linearly  with  depth: 

"c 


•n  -  H  V 

and  dA  =  bdy 

Where:  b  -  width  of  the  beam 

y  -  distance  above  neutral  axis 
kd  *  depth  of  the  neutral  axis 
f„  -  extreme  Tiber  stress 


an  increment  of  stress  at  the  extreme  fiber 


Thus:  vbAx 


dy-b  J***  .fc-Mcxfy 


<A.  2a> 
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vbAx 


or  v 


“c 


V  I 
L 


v  dv 


JL 

kd 


y  dv 


Ax  kd  Jsx 

Taking  moments  at  the  tensile  sti-ci  at  Section  m-m  in  Figure  A.l. 

Vlixix  .  ... 

■  cjd  •  \  jx  -  fc*  ici  jd  ■» 


<A.2h- 


t»  A  A 


it  -  Af,) 
c  e 


bku  jd 


.  Ax 


i>  kd  jd 


Ignoring  the  first  term,  the  above  mry  be  written  at 

b  kd  jd 


VAX 

A  •— 
or  .  c 
Ax 


A I 

C  ; 

2V 

b  kd  jd 


Substituting  this  in  the  above  integral  :A.2b; 

.  2v  fr  1“ 

V  b  (kd r  jd  L  Z  Jjr,  bdtdr1 


^  “ 

''  M  I  ikdr  -  v,* 

r  Jd  l_  1  J 


<A.3bi 


(A.-i  I 


Evaluating  the  above  for  the  value  of  v  at  the  neutral  axis. 

V 

V  ‘  bjd 

This  is  the  standard  expression  obtained  in  many  references  assuming  that  the  sections 
m-m  and  n-n  are  so  close  together  that  Y*m  -  Vn. 

Then  the  value  of  the  shearing  force  at  any  height  above  the  neutral  axia  may  be 
expressed  xs: 


v  =• 


bjd  [1",kd‘1] 


fA.5' 


Distribution  of  Vertical  Stresses  with  Depth.  Again  applying  the 
principles  of  statics  to  the  Section,  an  expression  for  the  distribution  of  vertical  stresses 
induced  by  -he  applied  load  may  be  developed.  The  tout  vertical  force  on  Section  pq 
in  Figure  A.2  is  fybAx.  again  assuming  a  uniform  distribution  of  stress  across  the  section. 
This  force  is  the  resultant  of  all  other  vertical  forces  acting  on  the  element  of  the  beam 
above  the  section. 


r 


ymdA- 


V 


•kd 


xr  ** 


*  A»6i 


Ri 


n  S7t 

the  total  vertical  shearing  force  on  the  concrete  above  pq  at  Section  m-m 


v  *  unit  shearing  stress  at  anv  depth  in  the  concrete  above  pq  at  Section  m-m 

ir. 

dA  *  an  elemental  area  over  which  the  unit  shearing  stress  acts 
V  he  it-al  vertical  shearing  force  on  the  concrete  ?bn--«»  pq  at  Section  n-n 


v  ■  unit  shearing  stress  at  any  depth  in  the  concrete  above  pq  at  Section  n-n 
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Hut  by  (  quation  A.'),  v  and  vn  may  be  expressed  as  follows: 


(evaluating  the  above  expression  for  the  value  of  fy  a!  the  neutral  axis: 

*-'-*[¥]  'Hi) 

From  the  preceding  it  is  apparent  that  toe  value  of  fv  at  the  neutral  axis  is  dependent  upon 
the  properties  of  the  beam: 

k  fy 

0.24  0.826 

0.36  0.127 


0.51  0.590 

The  varialiot  of  vertical  compressive  stress  with  depth  in  reinforeed-concrcie  beams 
is  shown  in  Figure  A.3  compared  to  the  variation  of  vertical  compressive  stress  with 
depth  in  a  beats  cf  homogeneous,  elastic,  isotropic  material. 

Combined  Stress  Conditions.  From  the  preceding,  the  combined  stress 
conditions  in  the  concrete  m  compress,,*.  be  wiitten.  Thu  values  of  th"  K*'r!’onta! 
atrl  vertical  compressive  stresses  and  the  shear  stress  at  any  depth  ,n  the  cotnpre»sio.i 
concrete  may  be  written  as  follows: 


if  i*  assumed  that  a  section  is  taken  just  ahead  of  the  inclined  crack,  and  that  v0 
u*.e  itcight  of  the  crack  at  that  point,  then,  from  Figure  4.4: 
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V 

'  o 


1 

X 

kd 

u. 

o 

r 

P  ” 

p  1 

» 

—  kd  -  v 

y*> 

1 

3  ‘  o 

v 

if 

r, 

bi-1 

l) 

bjd 

t  * 

L 

kSzj 

22L1 

3<kdj-  j 


Where  y0  it  height  of  the  crack  above  the  neutral  axie  and  lK  .  fv  .  and  v  are  the  unit 
horizontal  and  vertical  compressive  stresses  and  the  unit  shearing  dress  rcspt-cJ.vely. 

Assuming  that  the  crack  is  produced  by  the  principal  tenaiie  sires*,  the  fobowin*: 
combined  stress  equation  mar  be  written: 


Where  tc 
Since 


•c  ■  -CV^)  *  V  • 

the  ultimate  strength  of  concrete  in  tension. 


tA.9- 


V 


sad  f, 

Since  V 


^  b  kd  jd 

p’lx  -  x~> 
kd-jd 

t  y^p 

:kdr  jd 


pbfx 

■> 


pbx~ 

Jt 


pfcf/2  -  ph* 


iA.lo> 


- HHHfc)] 


Toe  above  expressions  may  be  used  with  the  combined  stress  Fquatioe  A.S  to  evaluate 
the  height  of  the  inclined  crack  if  the  value  of  t*_.  is  knowe. 

Even  if  this  value  is  not  known  with  certainty,  it  it  apparent  from  the  equation  for  the 
combined  stress  c  cadi  lions  that  the  inclined  crack  cannot  proceed  to  the  extreme  fiber 
under  these  conditions,  because  v0  approaches  aero  as  the  crack  rises  aad  thus  the 
principal  tensile  stress  approaches  aero.  Thus,  it  is  eosclwfcd  that  a  dingoes!  -  tension 
failure  is  sot  postdbie  in  a  simply  supported  rectangular  beam  subjected  to  uniformly  dis¬ 
tributed  load,  assuming  the  stress  -strain  relationship  to  be  elastic.  Similar  relation¬ 
ships  have  been  developed  for  parabolic  and  trapezoidal  stress-strain  relationships  which 
result  w  the  sa.<»v  conclusion. 

The  preceding  does  not  preclude  any  other  mode  of  iaiiure  such  aa  shear -compressio*. 
In  fact,  it  appears  to  explain  why  simply  supported  rectangular  reiafr  ..-ed-caocrete  mess- 
b-rs  fall  is  shear  compression  rather  than  tension. 
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b  i 


V  +  AV 


Figure  A.l  Distribution  of  compressive  stresses  on  an 
elemental  length  of  a  simply  supported  rectangular  con¬ 
crete  beam  subjected  to  uniformly  distributed  load. 
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F  gure  A. 2  Distribution  of  shearing  stress  with  depth, 
•n  rectangular  reinforced-concrete  beam  subjected  io 
uniformly  distributed  load. 
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Figure  A. 3  Variation  of  vertical  compressive  stress  wsih  depth  in  a  unifurmlv 
loaded  beam,  assuming  a  triangular  bending  stress  distribution. 
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Appendix  U 


LABORATORY  TESTS  OF  REINFORCING  ST  MIX 


Samples  <>f  :h»*  reinforcing  steel  used  in  the  Project  3.6  slabs  were  sent  to  die  University 
of  Illinois  for  test. ng.  These  samples  v  ere  of  the  following  sizes:  No.  0.  5.  4.  ami  3. 
Coupons  of  all  the  sizes  were  tested  u:  tension  at  normal  static  loading  rates,  and  coup  jus 
of  t.he  No.  6  bars  were  tested  in  tension  at  high  loading  rates  comparable  to  those  that 
were  experienced  in  the  field  test. 

'I  he  areas  of  the  coupons  were  determined  by  weighing  the  bars  h  o.o!  lb >.  measuring 
their  lengths  i±  1  .'12  inch  in  about  3  feet),  and  computing  the  areas  based  on  a  weight  of 
3.4  lb  in2 -ft. 


f,.l  STATIC  TESTING 


The  normal  loading-rate,  or  static,  tests  were  performed  on  a  120.n00-pound  Baldwin 
Universal  Hyd’-aulic  Testing  Machine,  me  coujions  as  tested  were  the  unaltered  rein¬ 
forcing  bars;  except  for  prick  punching  to  support  the  extensometer,  no  machining  was 
done  on  the  bars.  The  static  tests  of  the  No.  6,  5.  and  4  bars  were  planned  so  as  to  pro¬ 
tide  complete  load-versus-deformation  records  from  stait  of  test  through  yield  and  up  to 
str:.. n  hardening,  am1  also  the  maximum  load  and  corresponding  strain.  An  autographic 
recorder  was  used  to  provide  the  load-veraus-clongation  record  up  to  strain  hardening. 

The  deformation  at  maximum  toad  was  measured  with  calipers  to  ±1  100  inch,  since 
the  extensometer  was  removed  after  the  beginning  of  strain  hardening.  It  must  lx*  empha¬ 
sized  that  this  deformation  at  maximum  load  is  not  comparable  to  the  usual  figure  of  "elon¬ 
gation  in  ?  inches”,  since  the  measurement  was  taken  before  the  coupon  necked  d . 

Because  the  No.  3  bars  were  used  for  ties  rather  than  reinforcement,  no  load- 
deformation  record  was  taken.  Only  the  yield  point  and  maximum  load  were  recorded. 

T  he  time  from  ..<•  beginning  of  steady  stressing  until  the  upper  yield  point  was  attained 
was  recorded  for  -ach  static  test.  The  time  readings  were  taken  by  ordinary  wristwatch 
second  hand  and  are  not  accurate  to  the  nearest  second,  but  they  do  define  the  rate  of  load¬ 
ing  or  strain  rate  adequately. 

The  results  of  the  static  tests  of  the  Project  3.6  reinforcing  steel  are  given  in  Table 


II. I*  It  is  noted  th« 


•■41V  ltdl  ikOUi 


';i’C  » uniform  r »  •**■«  n*vi  .« 


overall  grouping  of  No.  (,  3,  and  4  bars.  This  steel  did  not  exhibit  pronounced  upper 
and  lower  yield  points. 


B.2  DYNAMIC  TESTING 

To  obtain  an  indication  of  the  yield  resistance  of  the  reinforcing  steel  when  subjected 
to  high  loading  rates  coupons  of  the  No,  6  bar's  were  tested  in  the  University  of  Illinois 
60-kip  dynamic  I„-  '  i.g  machine.  This  machine,  described  in  Reference  29.  is  capnt-it 
of  applying  a  60-kip  load  in  approximately  6  msec. 

The  bar  were  tested  in  an  unaltered  form;  the  only  change  from  the  miii  condition  was 
pro  .':ce.-  by  filing  smooth  a  portion  of  each  of  the  longitudinal  ribs  on  opposite  side.*  of  the 
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bar  in  order  to  apply  SR-4  strain  gages.  The  basic  instrumentation  lor  the  higl.-stn  ss- 
rate  testing  was  planned  to  yield  load-versus-time  and  deformation-verses-time  r«  voids. 
An  aluminum  dynamometer,  mounted  between  the  coupon  and  the  machine  frame,  i  ldicuUd 
the  load  through  output  from  Type  AD-7  SR-4  electrical  resistance  strain  gages  mounted 
on  the  dynamometer.  The  strain  in  the  coupon  was  indicated  bv  'lype  A- 1 2-2  SH-4  elec¬ 
trical  resistance  strain  gages  mounted  on  the  coupon.  The  outputs  iof  load  from  the  U\na- 
mometer  Slt-i  gage  bridge  and  of  strain  frem  the  cou|>on  SK-4  gage  bridge*  were  recorded 
on  a  Hathaway  S-14c  magnetic  oscillograph  along  with  a  50'i-cps  timing  signal. 

A  complete  description  of  the  dynamic- test  apparatus  and  instrumentation  may  be  found 
in  Reference  3ft.  This  report  describes  tests  which  were  carried  out  using  the  sane  pro¬ 
cedures  as  for  the  Project  3.6  tests. 

The  results  of  the  dynamic  tests  of  the  reinforcin''  are  given  in  Table  B.2.  The  nomen¬ 
clature  used  is  defined  in  Figures  *?— 1  and  B-2. 

As  noted  in  Section  4.3.1.  in  the  dynamic  tests  of  the  Project  3.0  bars,  an  effort  was 
made  to  load  the  bars  with  a  force-time  function  similar  to  that  to  which  the  bars  in  the 
field-test  slabs  were  subjected.  This  objective  was  largely  realized.  Analyses  of  SDF 
systems  equivalent  to  the  one-way  slabs  indicated  that  the  time  fioin  start  of  loading  to 
yield  in  the  field  ranged  from  airwit  1.5  to  3.0  msec.  The  range  in  the  laboratory  testing 
was  from  4.0  to  20  mset  with  four  of  the  six  tests  near  the  shorter  time  lirn.t.  The  shape 
of  tne  load-time  function  in  the  laboratory  was  quite  similar  to  the  shape  ot  the  resistar.ee- 
lime  function  established  for  the  field-test  siaos  by  use  of  the  equivalent  SDF  system.  It 
is  therefore  believed  that  the  "f  yield  point  versus  time  to  yield  as  shown  in  Figure 

4.14  gives  a  reliable  indication  of  the  yield  resistance  of  the  reinforcing  steel  under  field- 
test  conditions. 

Some  results  from  the  series  of  tests  described  in  Reference  30  are  included  here  to 
indicate  the  variations  in  the  dynamic  increase  in  yield  point  for  intermediate-grade  re¬ 
inforcing  bars  of  different  lots  and  manufacturers.  The  Project  3.6  reinforcing  bars 
were  obtained  from  the  Judsen  Steel  Company;  the  Reference  30  bars  were  manufactured 
by  the  Inland  Steel  Company.  The  chemical  properties  of  the  Project  3.6  bars  at .  given 
in  Table  B.3. 

In  the  full  range  of  tests  performed  by  the  two  projects,  the  variation  in  ’  _  '  "  . 

load-time  functions  applied  to  the  coupons  became  too  broad  for  adequate  representation 
by  the  time  parameter  ty-time  from  start  of  loading  tef  yield.  Theoretical  studies  of  the 
yielding  phenomenon  in  steel  in  Reference  31  Indicate  that  yielding,  for  tv  less  than  about 
100  msec,  is  defined  by  the  relation  Jt  dt  C.  where  a  is  on  the  order  of  13.5.  The 
test  data  obtained  is  not  adequate  for  defining  the  constants  a  and  C;  therefore,  the  results 
obtained  cannot  be  expressed  as  values  of  a  and  C  for  each  lot  of  steel.  However,  the 
high  value  of  a  indicates  that  the  stress-time  history  is  of  major  significance  only  at  the 
higher  stress  levels.  Ti.is  has  been  confirmed  experimentally  bv  manv  investigations,  for 
instance,  those  of  Reference  32.  For  this  reason,  the  time  parameter  i<>  define  conditions 
of  testing  was  selected  as  the  delay  time  td,  the  elapsed  time  during  the  test  when  the 
stress  level  was  in  excess  of  the  static-yield  level  but  the  specimen  was  still  elastic. 

In  the  reduction  of  the  laboratory-test  data,  the  yield  point  was  defined  as  the  stress, 
strain,  time,  point  at  wluch  the  instantaneous  slope  of  the  stress-strain  curve  dropped 
to  20  x  io*  psi.  This  criterion  was  selected  in  order  to  best  consider  tests  in  which  the 
load  on  the  coupon  peaked  and  then  oscillated  before  yielding  occurred.  Definite  yielding 
eventually  oc<  u  red  i'  the  average  laad  level  was  in  excess  of  the  s  atic  yield  level.  How¬ 
ever,  in  each  cycle  of  vibration,  before  general  yielding,  the  strain  corresponding  to  a 
given  toad  levei  increased  by  a  small  amount.  Defining  the  yield  point  as  stated  above 
sc.  :<ed  most  satisfactory  for  these  conditions,  and  equally  applicable  when  yielding 
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.•veurred  before  the  io.nl  on  the  coupon  ivaciieu  a  in:..\itt.uui-  *1  !•*.  ij.u  r  vieid  sli  ts.-* 

*!iu-  minimum  stress  level  alter  the  vivltl  point  was  passt-o  was  ei’het  slightlv  .a tg.t 
or  slightly  stnullei  than  the  yield  Stress  defined  by  tins  criterion.  ‘I he  upper  yield  sires. - 
•the  maximum  stress  ievei  occurring  between  tin*  field  point  and  the  lower  vieid  point* 
was  either  greater  than  the  yield  stress  or  equal  to  it.  For  the  tests  of  lunger  de.ay  t.mi  », 
■  2o  msec  <>r  greater  .  n  should  l>e  recognized  that  the  scatter  can  be  attributed  to  some 


extent  to  the  selection  of  yield  time.  For  the  last  tests,  with  deiav  times  less  than  2  msec 
it  si.e’uid  be  appreciated  that  the  recording  equipment ,  sensitive  to  .Vm  eps.  was  being 
pushed  to  the  limits  of  its  tesponse.  and  that  the  delay  inn.  determined  from  tin-  record. 
ma\  reaiiv  represent  only  an  order  o|  magnitude.  One  other  lim.t.ition  ■■!  tm  accrrac. 

■  >f  the  re-subs  is  signifieant  •  n  the  longer  tie' ay  tests.  Ine-  strains  were  recoide-d  -m  ,»u 
vifeett’, e-  gage  length  of  !  -inch  at  the  ei  liter  of  a  I". inch  specimen.  The  specimens  mac 
have  begun  yielding  at  another  point  lief  o\  the  yielding  begat:  under  the  »tra  ;  gage.  ir. 
t  ii s  sense,  all  delay  times  represent  maximum  values.  Tests  described  in  iU-fercncc  :!'■ 
conducted  with  two  sets  of  strain  gages  2-1  2  inches  apart  show  that  this  difie;  ence  in 
deiav  time  with  location  on  the  specimen  is  insignificant  when  the  deiav  time-  is  uss  than 


2"  msec. 

The  presentation  of  dvnanuc-yivM  '  “si static.-  data  in  the  form  of  vieid  stress  versus 
a;-.*v  time  is  rather  unsuited  to  use  tn  design.  For  this  reason  the  test  results  presented 
.-re-  expressed  as  the  percent  increase  in  lower  yield  stress  versus  effective  stress  rate 
■  Figure  B.3>,  and  percent  increase  in  lower  yield  stress  versus  effective  strain  rate 
-Figure  B. -I).  For  comparison,  the-  ••  of  tests  described  in  Reference  3:5.  which 

were  made  on  mild  steel  at  approximately  constant  strain  rates,  are  included  on  Figure 
B.-l.  The  effective  stress  rate  is  the  average  stress  rate  during  the  delay  time  peresl; 
the  effective  strain  rate  is  the  average  strain  rate  during  this  period.  These  are  not  be¬ 
lieved  to  be  the  ultimate  methods  of  expressing  the  time  criteria  for  dynamic  effects  on 
steel  yield  point,  but  they  should  apply  well  when  the  actual  stress  and  strain  rates  are 
reasonably  linear. 

Test  results  from  Reference  30  show  a  generally  greater  percentage  of  increase  m 
yield  stress  for  a  given  stress  or  strain  rate  than  is  shown  by  test  results  from  Project 
3.0.  Refer-  e  31  indicates  that  as  the  static-yield  level  increases,  percentage  of  dvnamie- 
vieid  inen  tends  to  decrease.  Thus,  the  generally  higher  static-yield  points  of  the 
Project  3.0  specimens  help  explain  the  smaller  dynamic  effects.  It  is  also  quite  possible 
that  the  deformations  of  the  reinforcing  bars  may  influence  the  dynamic-yield  point.  In 
Reference  3T,  it  is  indicated  that  scratches  on  polished  specimens  caused  marked  reduc¬ 
tions  in  dynamic-yield  level.  The  differences  in  deformations  signify  differences  in  the 
stress  concentrations,  which  may  have  a  major  influence  on  the  yield  level. 
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Figure  B.1  Defined  polio  on  typical  Mtrvsn-strn  n  curve. 
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Appendix  C 


DKHNITIONS  OF  SYMBOLS 


a 


h 

r 


cf 

d 

d* 

K 

E» 

Ec 

f 

«b 

<ba 

f*c 


*s 

V 

Vi 

y» 


area,  a  constant, 
area  of  tensile  reinforcement, 
area  of  compressive  reinforcement . 
area  of  tensile  test  specimen. 

width  of  compressive  zone  in  a  concrete  section;  width  of  slab. 

a  constant;  rrstluitt  vector  «■  horizontal  compressive  force  on  concrete  cross 
section. 

width  of  the  slab  support  in  the  direction  of  the  slab  spaa, 
coefficient  of  friction  betww  and  its  support. 

the  depth  of  a  reinforced  concrete  cross  section  from  the  compressive  surface 
to  the  centroid  of  the  tensile  reinforcing  steel. 

the  distance  from  the  centroid  of  the  tensile  reinforcing  steel  to  tiu  bottom  of  the 
slab. 

modulus  of  elasticity. 

modulus  of  elasticity  of  the  tensile  reinforcing  steel, 
modulus  of  elasticity  of  concrete 
a  wit  stress- 

concrete  stress  in  bearing, 
ultimate  .trength  in  bearing. 

nominal  bearing  stress  on  shear -anchorage  failure  plane. 

concrete  beat  lag  stress  at  time  of  yield  of  tensile  reinforcing  steel. 

compressive  strength  of  Stamford  concrete  cylinder  ;n  standard  lest. 

modulus  of  rupture  for  concrete  (apparent  ultimate  tensile  stress  from  test  of 
unreinforced  beam). 

street  in  tensile  reinforcing  steel. 

yield  stress  of  tensile  reinforcing  steel. 

lower  vie'  -  ><  icss. 

ur-ner  yield  stress. 
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L 

K 

h 

1 

‘r 

j 

)• 

k 


kst 

ku 

KF. 

fc| 

b. 


k* 

l 

r 


My 

M 


effective  stress  ran* 


iJinamn-  f..  - 


Sialic  fy 


acceleration  due  to  gravity, 
total  ilejJth  of  slab. 

moment  *>f  inertia  Of  cross  section  about  neutral  axis- 

moment  of  inertia  for  rebound,  1  of  cross  section  about  the  eentroidai  axis. 


the  internal  moment  arm  at  a  reinforced  concrete  cross  section  as  a  proportion 
cl  d  for  elastic  theory. 

the  internal  moment  arm  al  a  reinforced  concrete  cross  section  as  a  proportion 
of  d  for  the  general  nonelastic  case. 

spring  constant  uf  elastic  system,  dimensionless  parameter  us* -o’  in  elastic  Aeon' 

expressing  the  tfepth  <*f  the  compressive  stone  of  a  reinforced  concrete  section 

as  a  proportion  of  d,  ratio  of  dynamic  ultimate  compressive  strength  of  con- 

crete  standard  cylinder  to  P  . 

c 

unit  stress  in  1«3  pet  amts. 

(UineHiMtu  parameter  used  in  ultimate  strength  theory  expressing  the  depth 
of  the  compression  zone  of  a  reinforced  concrete  section  as  a  proportion  of  d. 

kinetic  energy. 

coefficient  expressing  ratio  of  the  area  of  the  concrete  stress  block  to  that  of 
the  enclosing  rectangle  defined  by  kjPc  k^d. 

coefficient  expressing  location  with  respect  to  compressive  surface  of  resultant 
compressive  fores  as  a  proportion  of  k„d. 

coefficient  expression  ratio  of  ultimate  compressive  stress  to  f  . 

v 

ciear  spaa  of  slab-edge  to  edge  of  supports. 

span  of  slab,  center  to  center  of  supports. 

span  of  slab,  center  to  center  of  anchor  bolts. 

total  length  of  slab. 

beading  moment. 

bending  moment  at  center  of  spaa. 

restating  utviaeai  •#*  ..liU,  *•  » of  slab. 

slab  resistance  in  shear  compression  expressed  as  the  maximum  moment 
capacity. 

slab  ultimate  Dexurai  resistance  expressed  as  the  maximum  resisting  moment. 

sisb  ultimate  flexural  resistance  with  axial  loads  acting  expressed  as  the  maxi¬ 
mum  resisting  moment. 

U  -  .*■*  moment  at  which  the  tensile  reinforcing  steei  yields. 

bending  moment  at  which  the  tensile  steel  yields  with  axial  loads  acting. 


mass  <it  elastic  system;  mass  »»f  slabs  jter  unit -plan  area. 

equivalent  muss  **f  slab  pvr  umt-pian  area  for  use  with  equivalent  stngU-dcgrt-  - 
•if- freedom  system- 

resultant  axial  force  on  rt'nforeed-euncrete  section. 

axial  force  which  would  cause  buckling  of  slab  in  first  critical  mode. 

modular  ratio  of  concrete  Kg  Ktf. 

vartii-crnnsmitted  axiai  load  on  slab. 

balance  point  of  interaction  diagram- 

potential  energy. 

overpressure  I  lading  on  slab  surface;  reinforcing  ratio  Ag  bd. 

peak  overpressure. 

overpressure  at  i  t0. 

overpressure  at  time  of  yielding  of  slab. 

rate  of  change  oi  overpressure. 

rate  of  change  of  overpressure  at  l  t  . 

pressure  or  stress  in  pounds  per  square  inch. 

reinforcing  index  p  ty/Pc  • 

static-yield  resistance. 

resistance  of  elastic  system,  resistance  of  slab  expressed  as  force  per  iroit-pian 
area. 

rebound  resistance  as  limited  by  anchor-bolt  capacity  expressed  in  terms  of 
span  ia. 

rebound  resistance  as  limited  by  anchor  bolt  capacity  expressed  In  terms  of 
spun  I*  . 

resistance  of  slab  in  flexure. 

resistance  of  slab  at  time  t  •  t„. 

available  rebound  resistance  of  slab. 

required  rebound  leststanve  ••>  P  •-•  '<Jv  cracking  of  slab 

rebound  resistance  as  limited  by  soil  friction  expressed  in  terms  of  span  /. 

rebound  resistance  as  limb**!  by  soil  fr>ct:*n  expressed  «  U .  -us  of  span  f* . 

resistance  of  slab  la  shear  compression. 

resistance  of  slab  in  pure  shear. 

resistance  f  »•*:,  in  diagonal  tension. 

ultimate  resistance  of  slab. 

yield  resistance  of  slab. 
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rate  of  change  of  resistance. 

rate  of  change  of  tesistar.ee  at  t  t(>. 

longest  natural  period  of  elastic  s>‘stem;  resultant  tensile  force  on  reinforced* 
eoncrete  section. 

tensile  force  in  reinforcing  steel  at  yield, 
time. 

duration  of  overpressure  pulse-,  de'my  time  in  steel  ivsi.ng  :,jt  -  £>v. 

time  at  which  coup’ll  yields  in  steel  testing, 
initial  time;  initial  time  of  positive  stressing  in  steel  testing, 
time  at  which  static-yield  stress  is  achieved  in  steel  U- sting, 
time  to  yield  in  steel  testing  tdy  -  t„. 

relative  displacement  between  mass  center  and  support  in  singie-degrec-of- 
freedom  system- 

average  bond  stress. 

ultimate  bond  stress. 

rate  of  change  of  u.  relative  velocity- 

rate  of  change  of  it,  relative  acceleration. 

shear  force;  shear  in  slab  at  support. 

she^i-  which  anchor  bolts  can  transmit  to  slab. 

shear  at  support  calculated  to  produce  diagonal  cracking. 

shear  at  support  at  time  of  slab  >  iehfing. 

shear  in  slab  carried  bv  concrete. 

shear  in  slab  carried  by  dowel  action  of  reinforcing  meet, 
shearing  stress. 

average  shear  stress  on  failure  plane  for  shear  anchorage. 

unit  shear  at  supports  at  which  diagonal  cracking  is  calculated  to  occur 

$  v_ 

\  '  ?  bd 

ultimate  average  shearing  stress  -vs  vertical  section  «  *he  support? 

average  shearing  strew  on  vertical  section  at  the  supports  at  the  time  of  slab 
yielding. 

maximum  unit  shear  resistance  on  failure  plane  for  shear  anchorage, 
lu:  loud  on  beam  at  ultimate, 
total  load  on  beam  at  yield. 
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w  weight  >>f  slab  par  unit  length;  load  on  slab  per  unit  length, 

x  a  displacement. 

x0  displacement  at  t  t^. 

x(i)  maximum  displacement  of  single-degree-of-freedom  system, 

x^  yield  displacement  of  single-degree-of-freedom  system, 
x  velocity, 

x  acceleration, 

y  displacement, 

v  velocity, 

y  acceleration. 

a  a  phase  angle  in  response  analysis;  dimensionless  parameter  for  defi  vet  ion 

computations. 

.i  a  dimensionless  par  a  mete;  for  deflection  computations. 

u  deflection  of  slab  at  center. 

(•m  maximum  center  deflection  of  slab. 

u  static  deflection  of  slab  under  its  own  weight. 

6  static  center  deflection  of  slab  under  its  own  weight. 

6sf)  static  quarter  point  deflection  of  slab  under  its  own  weight. 
oBp  static  center  deflection  of  slab  under  load  pm. 

6U  ultimate  center  deflection  of  slab. 

oy  yield  center  deflection  of  slab, 

t  unit  strain. 

t  strain  in  steel  coupons  at  beginning  of  strain  hardening. 

<  s  strain  in  tensile  reinforcing  steel. 

<su  strain  <n  tensile  reinforcing  steel  at  ultimate  load. 

tsv,  strain  in  tensile  reinforcing  steel  at  yield. 

*  ultimate  c^mprc^s; .  e  «*rafn  of  '•onore'e. 

t,  yield  strain  of  reinforcing  steel- 

effective  strain  rate  -  fe/K. 

A  a  dimensionless  parameter  expressing  distribution  of  strain  in  tensile  steel. 

i>  slab  mass  per  unit  length;  ductility  factor:  ultimate  deflecticn/yield  deflection. 

A, 

o  percents:-.-.  of  p  .isile  reinforcing  -  100  t-*  . 

o'  pet centage  of  compressive  reinforcing  -  loo  r-?  . 
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summation  symbol  for  finite*  summation, 
sum  of  reinforcing-bar  perimeters, 
natural  frequency  of  elastic  system. 

natural  frequency  of  elastic  system  with  axial  loads  acting. 
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Allan* Ic.  u.1.  Naval  bane,  Nirfolk  11,  ¥a.  ATT*. 
5/claar  Vnrfnre  De|.'.. 

"  C^atrMln*  (  fricor,  Nuclear  u«a;,.n»  TralM'e  >:.*ar. 
Inclflc,  Sava)  S'i'.I!*,  3«n  lilac/,  Calif. 

Cjc.taj.ili.*  "fflccr  U.3.  Naval  Dana«a  C  :  ■  r  1 

Caver,  Naval  bam,  I'Mltl.:,  . .  AS' 

bafence  C  —r.ia 

C  csnr.iin*  Officer,  t'.li,  N».''i  Had, cal  .rare*  .••'l*,-* 

Sa*i  nal  Sava!  Malic,.  Ca:,*ar.  ba*'.ae!a,  Mi. 

■  C  saaar.iu.*  fflcar  ar.l  Oiracl-  r,  I*«v;i  V.  r*/i  r  b 
ba«:r„  UaeUr,*'.  b.C.  ATTN:  bll nr. 

■  Officer* ln-Char«a,  0.3.  Naval  Ju) ;  ly  Netc  rt:.  vx 

DavaloioaM.  Knclllty,  Naval  3uf;ly  a:.iar,  Ta/v.-^, 

N.v . 

•  i  C- scant ar,  N  rf.  Ik  Naval  Ui.ijyari,  f,r«  ,  Va.  ATT*. 

larva* er  K»rl  H  i..>  Naaaartf  Tlviv,  •. 

■  C  .caanlav  ,  0.3.  fla“:,.a  C  *;i,  Wa ;  /■  .  .  ^  *  » 

ATTN:  Cia  A0«n 

Ccevll’e  llnrai,  Haa*  Kama  1  me  **la'*;t, 

N  rf  lk  In. 

0lrac.tr,  %>rlrc  Coni  !i'r:!!*c  lui.o, 

Oa.iLa,  ,  IV.  1,  aVtiAleo,  Va. 

Cracanlli*  Offlear,  U.3.  Nava)  CIC  Stha  1.  v.:i,  *aa»,  ait 
Ola* I  n.  Hlyi.e>.  brMJ.avlek,  C». 

*  Cl  irf ,  Njr«*,,u  *  T  Naval  v—av  .  *:  .. .  v*  -  a. ■  .  .. 

■  -,r.Ni  w*: 


Atb  *idirb  ACTlbKlKl 


NAvr  Ac.i/iTir. 

C* -.f  Naaal  *,*.ra*l \.!j,  1>,’N,  Uaahln*’  n  , y.C. 

a:  >  .1 -ojoi 

'  '.'>f  Na*al  "jara‘*  .i,r,  1-,'N,  Waal  lii/r*  i,  ,  [j ,c , 

■TNi  rii-.T:- 


R).  IVdf,  ATTN-  C;»r  .tin!  a  Avaly.l  *,J*J‘.a.  f'Jlvr,  , 

CM»r  ,  r  siin . 

Dirac  lor  cf  Civil  f*  alirrrln*.  be.  IINAV,  WavMnf^t,  f  C 

C'i  'vr-v. 

fa.  I’-TAf »  »Mkb«tei  I  -.'Si  -  3  I 

Mrw'  r  .f  Nrraarc*:  •>- 1  I  ,«r  • ' ,  CCB  ’S,  NR.  nSA*. 
Na;Mr  a*  ?,  /*,  NX,  AVlN:  c. .1  !'*v r  *■  1  Vvaj.  M  D*v, 
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MEMORANDUM  FOR  DEFENSE  TECHNICAL  INFORMATION  CENTER 
ATTENTION:  OCD/Mr.  Bill  Bush 


SUBJECT:  Declassification  of  AD-360623L 


The  Defense  Nuclear  Agency  Security  Office  (OPSSI)  has 
declassified  the  following  report: 

WT-1630  (AD-360623L) . 

Distribution  statement  *A”  applies. 


»  « 

:  e 
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Arf JOSBPHINB  B.  WOOD 
y  Chief,  Technical  Support  Branch 


•  •  I 


